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 ABSTRACT 
Hydrogen can be obtained from biomass pyrolysis liquids by catalytic steam reforming. 
Catalyst deactivation by coking and the formation of carbon deposits are the major known 
limitations although the specific causes are unidentified. It is proposed that these limitations 
could be reduced by selectively reforming specific fractions of the bio-oil. The hydrophobic 
fraction mainly composed of heavy oligomers can be separated by water extraction as a high-
value product. In the current work, the particular interest is on efficient hydrogen production 
from the residual aqueous fractions. There are certain challenges introduced due to the 
complexity of these mixtures. An improved understanding of the underlying steam reforming 
characteristics of pyrolysis liquids compounds will provide the opportunity to predict 
hydrogen yields and to potentially identify undesired compounds.  Different fractions were 
studied to determine which ones can be used more efficiently to produce hydrogen with 
existing steam reforming technologies. A fractionating condenser system was used to collect 
different fractions of fast pyrolysis liquids. The hydrophilic components from the different 
fractions were analyzed and steam reformed using a nickel-based commercial catalyst loaded 
fixed bed reactor. First it was found that bio-oil injection into this kind of reactors is an issue 
since there has to be quick and effective contact of the bio-oil with the catalyst and avoiding 
preheating of the oils. When reforming at 500°C, an overall positive effect in hydrogen yields 
was observed for the fractions with higher concentrations of lower molecular weight 
oxygenated compounds like acetic acid and acetol while the effect heavier compounds may 
be detrimental. Higher selectivity towards hydrogen suggests less selectivity towards carbon 
deposits. Mostly the samples that contained the heavier compounds also contained less of the 
light compounds so that their individual effects need to be deconvoluted. The coking 
phenomena needs to be further studied to find the species and reaction conditions that 
promote its deposition. It was found that the changes caused by aging effect of aqueous bio-
oil had a detrimental effect in hydrogen production but the causes are not well understood. 
Also seemingly insignificant traces of potential catalyst poisons found in bio-oils can 
irreversibly deactivate the nickel reforming catalyst difficulting their study.
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 CHAPTER 1. Background and Literature Review 
1.1 Introduction 
It is becoming widely known that fossil-fuel feedstock is a limited resource that seems to be 
slowly moving towards being completely depleted. Together with an increasing concern about 
pollution and protection of the environment through greenhouse-gas emissions reduction, the 
search for clean renewable energy sources has been more intense over the last few years. All 
these concerns are becoming the driving force for finding clean renewable energy sources that 
would be at least as efficient as the current technology [1-3]. 
By using present technologies, biomass can be converted to either a liquid or gas with more 
concentrated energy than the bulky biomass. Higher value products can be separated or 
generated from these products. A liquid product (bio-oil) can be obtained from fast pyrolysis of 
biomass and separated in two main fractions, a high value water insoluble fraction and a residual 
water soluble fraction [4]. The water insoluble fraction could be separated and catalytically 
converted to liquid fuels equivalent to gasoline or diesel while the remaining fraction can be 
utilized to generate the required amount of hydrogen required for the conversion and upgrading.  
In general, there has been a lot of interest in hydrogen production from biomass and several 
pathways have been explored [5]. The production of hydrogen via SR of the bio-oils is 
problematic being an intrinsically three-phase reaction where the feedstock is extremely complex 
and variable. This way the results presented in the past are also variable depending in a large 
number of factors that can be summarized in characteristics of the bio-oil and reforming 
conditions. The coking issue has proven very significant during steam reforming of bio-oil. The 
nature of the reactions involved is still unknown. Some of the issues have been addressed in the 
past with empirical approaches dealing with the study for the optimal process conditions using 
single model compounds [6-9]. Another kind of approach is commonly dealing with the selection 
or design of a proper catalyst for to perform the desired reactions employing either model 
compounds or actual bio-oil from a particular source [10-14]. The complexity and variability of 
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the chemical makeup in bio-oils presents a set of non-trivial issues that could be associated with 
specific chemicals present in the mixtures or the extent of aging.  
An available fast pyrolysis reactor with a proprietary bio-oil recovery system is capable of 
collecting different fractions of bio-oil. This condenser design provides opportunity to study 
speciation of a set of samples and study their viability for steam reforming. The effect of these 
different characteristics in the production of hydrogen could be explored to obtain valuable 
insight of the effect different compounds may have in the hydrogen production and coking. The 
aqueous bio-oil stability in terms of hydrogen production is also important to discuss since it is 
known that bio-oil solutions tend to age upon storage. 
The context of this project was focused on the production of hydrogen from the aqueous stream 
of bio-oil after the water insoluble fraction is separated as a higher-value product. It is important 
to note that a comprehensive study on the role of different chemicals in these solutions in SR and 
its inherent issues is not existent. 
For this project, the particular interest is on efficiently producing hydrogen from residual 
fractions of biomass pyrolysis products after other higher value products are extracted. There is a 
series of known challenges associated with the complexity of these mixtures that need to be 
addressed in a more comprehensive manner. An improved understanding of the underlying SR 
characteristics of pyrolysis liquids compounds is needed to determine the causes, understand 
their nature and ultimately minimize these issues.  
The approach presented herein intends to study the efficiency of hydrogen production. To 
accomplish this first a characterization protocol must be developed that would help interpret the 
data. Then the proper addition of water to the reaction was determined so that the reactions 
would proceed to the furthest extent avoiding lean water condition. The different fractions then 
would be compared in SR experiments based on their characteristics. It is also important to study 
the stability of these mixtures since their chemical composition varies with time and storage 
conditions. The effect of these chemical changes in the production of hydrogen was studied. 
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1.2 Biomass 
The study of biomass as a renewable resource is of extreme importance to be able to satisfy the 
economic and environmental concerns related to fossil fuels [3]. Biomass is considered 
potentially the most likely renewable source to contribute to the energy needs of modern society. 
Biomass as a renewable resource is defined as a material of recent biological origin [15]. The 
term biomass includes in general sources from agricultural products and by-products, forestry 
wastes, or even municipal solid wastes. The kind of biomass most relevant for this study is 
fibrous or lignocellulosic biomass. Some examples of lignocellulosic biomass are wastes from 
wood, bagasse from sugarcane, cornstover and energy crops like switchgrass. 
1.2.1 Biomass conversion  
There are two main pathways for the conversion of biomass: biochemical or thermochemical. 
The thermochemical pathway involves heat and/or catalysts. The biochemical pathways use 
enzymes or microorganisms. 
Initially the interest in biomass implied the use of existing and well-known technologies to treat 
and convert renewable resources into useful material, energy, and possibly transportation fuels. 
The overall concept is usually called a biorefinery. 
1.2.2 Potential products 
Biomass can provide the potential for production of chemicals similar to currently obtained from 
fossil sources and other product like bio-based polymers and levoglucosan, and also different 
types of fuels [16]. Biofuels usually have lower heating values than petroleum derived fuels [17]. 
For this reason the production of biofuels needs to be optimized in order to sustain the present 
energy economy.  Biomass is presented as the sole source of renewable liquid, solid and gaseous 
fuels [3]. 
The possibility of utilizing the products derived from the lignin portion of biomass directly to a 
refining facility to be upgraded to high-octane gasoline blending components has already been 
discussed [11]. Huber et al. proposed that the
biofuels by through catalytic cracking process 
pyrolytic lignin fraction could be upgraded by a process called hydrotreating where the oxygen is 
removed making it a more suitable fuel 
Figure 1.1 Overview of bio
Figure 1.1 shows a possible scenario for full utilization of bio
production of hydrogen as an intermediate product
from the carbohydrate fraction that
water insoluble fraction and later 
be generated from the residual carbohydrate fraction.
separation and utilization of both carbohydrate and 
technologies could be then integrated into existing petroleum refineries
1.2.3 Hydrogen 
Current production of hydrogen in the U.S. is about 9 Mtonne/yr, mainly generated from 
methane (natural gas) and petroleum products 
tones of biomass in the U.S. that could be used as a resource to produce transportation fuels. 
Taking this into account the United States 
22]. Hydrogen (H2) is a common energy carrier and is currently being employed in the 
production of ammonia and in the upgrading of hydrocarbons in the petroleum refineries. 
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 pyrolytic lignin fraction could be converted to 
[5, 18]. Bridgewater et al. discussed how the 
[5].  
-oil hydrocracking process [19] 
-oil to biofuels involving the 
 [19]. In these cases the compounds obtained 
 are generally water soluble and can be separated
reformed. The hydrogen needed for any of these processes 
 There is an identified advantage in 
the water insoluble fraction. The pyrolysis 
.  
[20]. There is an identified potential of 1.3 billion 
could produce up to 130 Mtonne/yr of hydrogen 
 
 
 from the 
can 
[21, 
Hydrogen is extremely high energy density and is being considered as a transportation fuel. 
Hydrogen can also be used in fuel cells to directly generate power. Given some safety and cost 
challenges this alternative is viable mostly if hydrogen can be obtained in a distributed manner or 
generated in situ. Hydrogen is commercially produced mainly from metha
catalytic steam reforming (SR) followed sequentially by water
Renewable hydrogen can be obtained from lignocellulosic biomass via gasification coupled with 
a WGS reaction or via fast pyrolysis of biomass and steam reforming of the liquids obtained 
[23]. As discussed further on a scheme that c
conditions would be the production of pyrolysis liquids
1.3 Fast pyrolysis 
Biomass can be pyrolysed to produce 
[5, 24, 25]. Fast pyrolysis is the therm
During fast pyrolysis the feedstock
the absence of oxygen and the vapors are quickly condensed before thermodynamic equilibrium 
is achieved.  
Figure 
This way the intermediate products are r
referred as bio-oil or fast pyrolysis liquids, can be treated as a 
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ne and naphtha by 
-gas shift (WGS) processes
ould benefit economically and require less severe 
, followed by steam reforming. 
a liquid product, pyrolytic char and non-condensable
al decomposition of biomass to produce mostly liquids. 
 is heated to moderate temperatures typically 
1.2 Pyrolysis pathways [26] 
ecovered in liquid form. These liquids, commonly 
highly oxygenated form of crude 
 
 [12]. 
 
 gas 
375-525°C in 
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oil. More details on these liquid is discussed in the following sections. The volatile products 
from depolymerization and degradation reactions contain condensable vapors, aerosols and light 
gases. A visual representation of the fast pyrolysis pathways towards these products is depicted 
in Figure 1.2.  
Compared to gasification and combustion, fast pyrolysis has the advantage of producing an 
intermediate energy carrier that can be stored and transported economically, so that the upstream 
biomass conversion and the downstream processing of bio-oil can be carried out at different 
locations, times and scales. This approach gives the opportunity to take advantage of the 
economies of scale [24, 27, 28]. 
1.3.1 Fast pyrolysis technology 
Fast Pyrolysis is used to generate a liquid product that can be easily stored and/or transported. It 
is a relatively new technology with about 20 years of development, compared to about 200 years 
for gasification and over 2000 years for combustion. The liquid recovers a considerable amount 
of energy from the feedstock and thus are considered as an energy carrier. Chemicals and fuels 
can be produced directly or indirectly from these liquids [16]. 
Bio-oil collection highly depends on how quickly the condensation of the vapors is achieved. 
The gas residence time must be minimized to avoid complete breakdown to non-condensable 
gases. One of the most common reactor configurations for fast pyrolysis include a fluidized bed 
reactor that would insure close to ideal mixing, high heating rates and short residence times. 
Alternative configurations [29] have been tested like the ablative reactor, vortex reactor, the 
rotating cone and vacuum pyrolysis reactors. The development and optimization of these 
technologies to process biomass is quickly moving forward. 
1.4 Bio-oil 
The bio-oils can be obtained in yields higher than 70% of dry biomass weight as a mixture of 
compounds derived from cellulose, hemi-cellulose and lignin found in biomass [12, 30]. The 
physical appearance of the bio-oil resembles that of crude oil but its components are highly 
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oxygenated in nature. Bio-oil production is currently being established as a commercial process 
led by the company DynaMotive based in West Lorne, Canada. This is the first commercial 
production plant of bio-oil for energy applications. It started production in year 2005, and 
currently producing 70 tonnes/day of bio-oil [31]. 
1.4.1 Bio-oil characteristics 
Bio-oils are mixtures that can contain more than 400 different compounds. They are composed 
of very complex mixtures of carboxylic acids, sugars, alcohols, aldehydes, ketones, esters, furan 
compounds, and aromatics [5, 22, 26]. The complexity is derived from the degradation and 
interaction of the cellulose, hemicellulose and lignin products. The bio-oils are present as a liquid 
mostly because of the water content which ranges in most cases between 15 to 25%. Its  
composition varies depending on a large number of variables like type of biomass feedstock, 
alkali content, reactor type, pyrolysis temperature, vapor residence time, efficiency of char 
removal, etc [24, 32, 33].  
Table 1.1 Elemental analysis of bio-oil, adapted from [5, 8, 34] 
Element (wt.% unless noted)  Range 
C 32 – 49 
H 6.9 – 8.6 
N 0 – 0.1 
O 44 – 60 
S, ppm 60 – 500 
Cl, ppm 3 – 75 
K and Na, ppm 5 – 500 
Ash 
Moisture 
pH 
0.01 – 0.20 
16 – 29 
2.5 – 3.3 
The composition of bio-oil has been shown to depend also on storage time and conditions [2]. 
There are two main fractions contained in bio-oils. One is a hydrophilic carbohydrate or aqueous 
phase containing a certain amount of water from dehydration reactions and moisture, and a 
hydrophobic phase composed of furan and aromatic based species, generally called pyrolytic 
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lignin. Char is commonly removed by the use of cyclones before condensing the liquids after 
pyrolysis reaction but some amount may be found in the bio-oil. The bio-oil frequently contains 
the alkali or ash from the biomass. An example of the compounds found in bio-oils is presented 
in Table 1.2.  
Table 1.2 Composition of pyrolytic oils derived from different feedstocks 
  
fluidized bed (University  
of Waterloo)a 
Vortex 
(NREL)b 
Product  (dry wt %) 
poplar 
(504°C) 
maple 
(508°C) 
spruce 
(500°C) 
oak 
(~500°C) 
acetic acid 5.4 5.8 3.9 5 
formic acid 3.1 6.4 7.2 3.3 
hydroxyacetaldehyde 10 7.6 7.7 4.3 
glyoxal 2.2 1.8 2.5 3 
methylglyoxal c 0.65 c c 
formaldehyde c 1.2 c 2.2 
acetol 1.4 1.2 1.2 1.8 
ethylene glycol 1.1 0.6 0.9 c 
levoglucosan 3 2.8 4 3.8 
1,6-anhydroglucofuranose 2.4 c c c 
fructose 1.3 1.5 2.3 c 
xylose c c c 0.9 
glucose 0.4 0.6 1 c 
cellobiosan 1.3 1.6 2.5 c 
oligosaccharides 0.7 c c c 
pyrolytic lignind 16.2 20.9 20.6 24.9 
unidentified 11.9 17.1 12.9 5.8 
oile 65.8 67.9 66.5 55.3 
watere 12.2 9.8 11.6 10.4 
char 7.7 13.7 12.2 12.4 
gas 10.8 9.8 7.8 12.2 
mass closure 96.5 101.2 97.7 90.3 
a
 From Piskorz et al., 1988 [35].  b From Wang et al., 1997 [36].  c Not 
found.    d Material precipitated by addition of water.e Oil + water = bio-oil. 
 
The term pyrolytic lignin is referred to the water insoluble phase oligomers that precipitate when 
water is added. The pyrolytic lignin has been studied to be present in two different natures [26] 
and can be treated as both a solid and tar. In the case of softwood bio-oil it is easily separated as 
a tan colored powder and in the case of hardwood in contrast it is described as a viscous tar. 
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1.4.1.1 Characteristics of Aqueous Bio-oil 
The bio-oil separates into water rich carbohydrate derived phase and a hydrophobic pyrolytic 
lignin phase by simple water addition [12]. The bio-oil aqueous phase is dark brown liquid 
composed by about 84% water and the rest is composed mostly by hydrophilic low molecular 
weight oxygenated compounds. It is characterized by the presence of carboxylic acids such as 
acetic and formic acids, aldehydes, ketones, alcohols, esters and others. These compounds can be 
present in the whole bio-oil as a single phase due to the mutual solubility of organic compounds 
and water until a saturation point is reached [17]. For this project it is proposed that the water 
insoluble fraction of the bio-oil is separated as a valuable material [23] that could be directly 
refined or upgraded to specialty chemicals and additives [24, 37], while the aqueous fraction 
utilized for hydrogen production. 
The bio-oil aqueous phase is expected to have a lower density due to the high water content and 
reduced alkali content which is beneficial but usually its acidity promotes important 
polymerization [17]. The water removal from the aqueous bio-oil is non-trivial thus it could be 
considered a waste stream. The fact that these solutions are rich in water, together with some 
other key differences to crude bio-oil, make them suitable for reactions that utilize high amounts 
of water like SR to produce hydrogen. 
1.4.2 Bio-oil advantages 
The fast pyrolysis process concentrates most of the chemical energy contained in bulky biomass 
into a denser liquid form. The major advantages of bio-oil are associated with the ease and 
economics of transportation, handling and storage since the proper infrastructures may be 
already in place [5].  
A much cited application is to transport bio-oil from distributed pyrolysis units to a centralized 
biorefinery where it can be used to generate syngas or fuels [4, 24, 28, 36]. This scheme would 
work mainly because of the fact that the dense bio-oil would be cheaper to transport that bulky 
biomass. 
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1.4.3 Bio-oil Issues 
Bio-oil is combustible but is not miscible with today’s conventional liquid fuels like gasoline or 
diesel due to its high water content. There is a series of identified challenges regarding the bio-
oil’s stability, viscosity and solids content [3, 5]. Some important differences when bio-oil is 
compared to other fuels are that it has poor volatility, high viscosity and it is corrosive. Some of 
the concerns are associated with the low heating value and high water content of bio-oil.  
It is important that the fresh bio-oil is processed before any of the composition changes become 
significant. The changes are usually undesired including an increased viscosity and changes in 
chemical characteristics like increased water content and polymerization [26]. Some attempts 
have been made to improve the storage stability of the bio-oils, based mainly on viscosity, by 
including additives like methanol [38]. Methanol was selected as a common and inexpensive 
organic solvent. As described by García-Pérez and Czernik [2] bio-oils polymerize and condense 
over time and this aging process could be accelerated by temperature, oxygen exposure, and UV 
light exposure.  
It was found that at room temperature the bio-oil from wood bark could age dramatically only 
during the first 65 days of storage followed by a plateau were no major changes were observed 
[39]. Small increments in water content have been observed upon storage, more prominent at 
high temperatures, but this particular issue does not seem to be a good indication of bio-oil aging 
at low temperatures [39, 40]. The most consistent indicator of bio-oil aging has been an 
increased viscosity of the bio-oil upon heating and storage. 
Exposure to oxygen causes deterioration to some extent but the effect is not as noticeable as the 
degradation by heating. It is common practice to keep the bio-oils in sealed containers to 
minimize oxygen exposure although increase in pressure due to devolatilzation of the oil could 
become an issue. The acidity of the bio-oil comes from the presence of carboxylic acids like 
acetic acid and formic acid which make the liquids corrosive.  
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Hydroxyacetaldehyde is one of the most important low molecular weight carbohydrates in bio-
oil. The hydroxyacetaldehyde present in the bio-oil mixtures readily reacts with water to form 
hydrates [41]. The water contained in bio-oils is not easily separated by distillation since the 
temperatures required to remove water are enough to cause physical and chemical changes in the 
bio-oil [5].  
Bio-oils have been proven to start polymerizing at temperatures less than 140 °C in distillation 
experiments [17]. During experiments where the bio-oil was heated it was observed that the solid 
content in the bio-oil was increased with the heating time even at lower temperatures like 50 °C 
[39]. For this case the average molecular weight of the compounds also increased with time as 
determined by mass spectrometry.  
It is important to point out that there are no defined quality standards associated with bio-oil 
production [24]. Bio-oil and bio-oil production need to be studied further and in a more 
comprehensive manner to obtain a fuller understanding of its possibilities as renewable feedstock 
for fuels and chemicals. 
1.5 Catalytic steam reforming 
The steam reforming (SR) of hydrocarbons like naphtha and methane, and oxygenated feedstock 
like ethanol and methanol is a well-studied technology currently used in industry to produce 
hydrogen. The fact that this is a well established technology makes it attractive for the 
production of hydrogen from renewable biomass [6]. SR is typically performed over a nickel-
based catalyst at temperatures between 600-800°C [24]. The purpose of catalytic SR is to obtain 
the maximum amount of hydrogen from the feedstock and from the water. In many cases the 
hydrogen product is directly used to generate different other products.   
The complete SR reaction is the combination of two reversible reactions, an endothermic SR 
reaction and an exothermic WGS reaction. For example, the methane SR reactions are: 
CH4 + H2O ↔ CO + 3H2      ∆H = 206 kJ/mol (1) 
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CO + H2O ↔ CO2 + H2       ∆H = -41 kJ/mol (2) 
In practice, SR reactions are performed at high temperature and pressure to maximize the 
efficiency and economics. It can be noted that the first step is an endothermic reaction which is 
favored by high temperatures but the second step is exothermic which makes it favored by lower 
temperatures. For this reason in many cases the first reaction takes place in a high temperature 
reactor and then sent to a cooler reactor to perform the exothermic part of the conversion. In 
some other cases there are even two WGS reactors in series, the first one working at a moderate 
temperature and the second working at an even lower temperature.  
It has been observed that all catalysts tend to promote carbon formation to some extent under SR 
conditions. The formation of carbon can be minimized by introducing an excess of steam as 
opposed to introducing the stoichiometric water requirement. SR of higher hydrocarbons is more 
complex since carbon-carbon bond cleavage is necessary to obtain single carbon species on the 
surface [42]. 
1.6 Steam reforming of bio-oil model compounds 
Due to the complexity of the bio-oil composition, model compounds have been used to study the 
process parameters and selection of catalysts for steam reforming of bio-oils. Acetic acid has 
been commonly selected to model the carboxylic acids [11]. Acetic acid has been used to test 
viability of hydrogen production from bio-oil products. The effect of different process 
parameters on the SR reaction was studied by using this or other model compounds. 
Acetic acid and ethylene glycol were used as bio-oil model compounds to study their conversion 
to hydrogen in a steam reformer [37]. Thermodynamic equilibrium calculations showed that 
these representative bio-oil compounds are fully reformed even at low temperatures. Results of 
thermodynamic calculations for SR of acetic acid with S/C of 3 at different temperatures are 
shown in Figure 1.3 [37]. 
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Figure 1.3 Acetic acid reforming, equilibrium products composition as a function of temperature 
at H2O/C=3 [37] 
At the lowest temperatures studied the product stream almost exclusively contains CH4 and 
CO2. At temperatures about 650°C there is a maximum in hydrogen production while the CO2 
concentration is about twice as much as the amount CO. Then as the temperature increases up to 
a 1000°C the CO concentration rapidly increases and the CO2 rapidly decreases while the 
hydrogen concentration slowly decreases. Steam to carbon ratios are very important parameters 
affecting hydrogen formation. Differences observed in the gas product composition between the 
two model compounds used in the thermodynamic calculations are of minor importance. Based 
on these calculations it could be inferred that maximum hydrogen yield can be achieved at 
atmospheric pressure with H2O/C ratios higher than 3 and temperatures in the range of 600-
750°C.  
Thermodynamic calculations for model compounds were performed using PRO/II commercial 
process simulation software from SimSci [43]. To better simulate the bio-oil reforming operation 
a model compound mixture was prepared and tested. The mixture contained equimolar quantities 
of acetic acid representing the acids, ethylene glycol representing the alcohols, and acetone to 
represent both the ketones and the aldehydes. Results from these calculations are presented in 
Figure 1.4. 
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Figure 1.4 Thermodynamic equilibrium H2 yield for the model compounds vs (a) H2O/C ratio at 
T=700°C and (b) temperature at H2O/C = 5 (, ethylene glycol; , acetic acid; , acetone) 
[43] 
In experimental studies acetic acid did not seem to promote the methanation reactions since the 
concentration of methane in the product gas was always significantly lower than equilibrium 
values [37]. Deposition of coke was the most serious problem and was observed especially at 
low temperatures and low S/C ratios. Hydrogen yields obtained were up to 90% at temperatures 
and S/C ratios higher than 600°C and 3, respectively.  
In laboratory tests by Kechagiopoulos et al. [37], ethylene glycol was steam reformed at 700°C 
with a good approach to equilibrium except at a S/C of 2.5. For S/C ratios as low as 2.5 or 3, 
severe coke formation was observed resulting in reactor bed blockage after a few hours of 
continuous run. Coke was removed from the catalyst bed by burning it at 700°C with a stream of 
air. At S/C ratios higher than 3 there was a close approach to equilibrium at temperatures above 
650°C. Coke formation was noticeably smaller due to higher amount of water readily available 
to gasify carbon deposits. A slight increase in the concentration of methane with time was 
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observed at temperatures below 675°C. This could be seen as an unreacted intermediate 
compound due to the deactivation of the catalyst, probably caused by coke formation. Long 
ethylene glycol runs upto 12 hr were achieved at 600°C. 
In different experimental tests it was found that acetic acid thermally decomposes to solid carbon 
at about 500°C and caused rapid coking on the nickel catalyst surface at temperatures lower than 
650°C [6, 44]. Acetic acid, m-cresol, dibenzyl ether where completely reformed at temperatures 
higher than 650°C. Other model compounds used like glucose, xylose and sucrose thermally 
decomposed to char and gases in the tubing prior to the catalyst bed. It is also mentioned that 
glycolaldehyde (hydroxyacetaldehyde) reacts rapidly and without coke upon contact with the 
catalyst at about 350°C. Methane reforming requires high temperatures 750°C, while methanol 
can be reformed at about 300°C. Ethanol reforming requires higher temperature than methanol 
and higher S/C than 10 to prevent carbon formation. 
Kechagiopoulos et al. [43] reformed a mixture of bio-oil model compounds including acetic 
acid, ethylene glycol, and acetone. Coke formation was observed to a higher extent when 
compared to the ethylene glycol reforming tests for the same conditions. In this case significant 
carbon formations were detected above the catalyst bed where silicon carbide inert material was 
inserted at the top region of the furnace to provide uniform heating of the bed. Using a pre-
heating zone at the same reaction temperature led to significant thermal decomposition of the 
organics prior to entering the catalyst bed. For further tests, the pre-heating temperature was 
reduced which in turn reduced the carbon deposits but they were still evident. It can be 
concluded from this last work that the thermal decomposition of the oxygenated compounds that 
occurs in the gas phase competes with the reforming reactions and cannot be totally avoided. 
In other literature it is also presented that the cracking reactions that occur on the acidic sites of 
the catalyst support also lead to coke deposits. This coking builds inside the reactor and leads to 
plugging and deactivation of the catalyst [23]. Catalyst sintering was not deemed a cause of 
deactivation because the catalyst activity was restorable after burning the coke deposits and 
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reduction of the catalyst. C, H elemental analysis did not detect any amount of hydrogen 
suggesting that the carbon deposits were of graphitic nature. 
The mechanism of SR of oxygenated compounds over a metal catalyst is proposed to correspond 
to a similar bifunctional mechanism of the reforming of hydrocarbons [4, 6, 9, 12, 22, 36]. The 
organic molecules activate or adsorb on the metal crystallite sites while water molecules are 
activated on the support structure. Surface hydroxyl groups are formed from water with the 
surface oxygen on the support. Hydrogen is produced by dehydrogenation of the organic 
molecule and reaction the hydroxyl groups from the water at the metal/support interfaces.  
  
Figure 1.5 The proposed pathway for the steam reforming of acetic acid involving bifunctional 
catalysis over Pt/ZrO2 [14] 
The catalysts deactivate due to blocking of active sites by oligomers derived from the 
oxygenated compounds on the support. SR of carbohydrates is inherently complex due to the 
need of different decomposition reactions to obtain single carbon species to react with the water 
on the surface [42]. An example of this mechanism is presented in Figure 1.5; where Pt provides 
the surface for the dehydrogenation reaction, and the zirconia support provides surface for the 
water activation [14]. 
It is important to conclude that so far there is no fundamental understanding of the properties of 
bio-oil SR or its individual compounds. More fundamental studies need to be performed to 
obtain a better understanding on how readily the different groups of compounds react. The bio-
oil needs to be characterized as a feedstock for SR and addressing the issue of coke formation. 
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1.7 Steam reforming of bio-oil 
The SR of oxygenated hydrocarbons can be described in a similar to combustion reactions. The 
incomplete SR reaction would yield carbon monoxide and hydrogen. 
22 )2()( Hk
m
nnCOOHknOHC kmn −++↔−+   (3)
 
Further conversion of the carbon monoxide produced with more water would yield carbon 
dioxide and yet more hydrogen via the WGS reaction. 
222 HCOOHCO +↔+   (4)
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(5) 
From the complete SR reaction stoichiometry from Equation 5 we can determine that 2+m/2n-
k/n gives us the total moles of H2 that can be produced per mole of carbon input. The 
experimental yield of hydrogen is expected to be lower than that of the stoichiometric maximum 
because of production of CO and CH4 by reverse WGS and methanation reactions [6]. 
H2 + CO2 ↔ CO + H2O (6) 
 
CO + 3H2 ↔ CH4 + H2O (7) 
It is important to note that one (1) mol of hydrogen would be lost for every mol of CO formed 
assuming a complete steam reforming reaction. Four (4) moles of hydrogen would be lost for 
each mole of methane (CH4) formed; three (3) moles directly from the hydrogen and one (1) for 
the CO consumed. Two (2) moles of hydrogen would be lost for each mol of solid carbon 
deposited in the reactor. Coking is a well known phenomenon over nickel catalysts. Coking can 
lead to catalyst deactivation and a decreased thermal efficiency in the reactor. 
The hydrogen yield from bio-oil is expected to be about 12.6 wt% of the initial biomass in the 
case of poplar wood, for example [45]. The maximum hydrogen yield from the bio-oil based on 
overall stoichiometry would be about 17.2 wt% based on wood bio-oil [22]. 
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Some problems associated with bio-oils originate from its extremely heterogeneous composition. 
Some of the compounds found in bio-oils would require different types of catalysts and operating 
conditions [43]. SR of bio-oil is characterized with all the difficulties typical for most 
hydrocarbon reforming processes. These difficulties include high operating temperatures, heat 
needed for the endothermic reactions, and above all the formation of carbon deposits which 
sacrifices an amount of hydrogen that could be produced and limits the time on stream. A 
pronounced thermal decomposition of certain compounds lead to coke formation and catalyst 
deactivations. While studying the SR of these mixtures all these issues need to be addressed. 
The reforming of bio-oils is said to occur rapidly and readily at moderate temperatures (~650°C) 
over transition or noble catalysts due to their higher reactivity when compared to hydrocarbons 
like methane [26]. The reformed gas usually contains low levels of methane (0-4% depending on 
the feedstock) which makes it usable for chemical synthesis. The low temperatures required for 
these reactions minimize or eliminate the formation of refractory tars characteristic of hydrogen 
production from direct gasification of biomass. 
Bio-oils cannot be vaporized because they tend to polymerize upon heating at temperatures about 
80 °C and at higher temperatures they start to decompose [46]. Experimentally, the inability of 
the pyrolytic lignin to be volatilized for reforming can lead to thermal cracking before ever 
reaching the catalyst. Difficulties found in re-volatilization of pyrolytic lignin led to the use of 
fractionated bio-oil where only the aqueous extract is used for reforming [26]. This phenomena 
leads to a solid cracking product, that would physically cover the catalytic surfaces and thus 
reducing the catalytic activity or effectiveness.  
The removal of moisture from the bio-oils or aqueous extract is non-trivial and economically 
prohibitive at present. The water contained in the aqueous solutions can serve as a reactant in 
steam reforming reaction. An advantage of reforming these aqueous phase solutions is that the 
primary products are now hydrogen and carbon dioxide instead of syngas by the inclusion of 
excess water.  
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Wang et al. [23] employed an advanced triple-nozzle spraying system to introduce the aqueous 
bio-oil fraction into a laboratory reformer. They generated bio-oil by fast pyrolysis of poplar 
wood in a vortex reactor. The chemical composition of this bio-oil was not presented. At 700°C 
the stoichiometric H2 yields averaged 83% and with more carbon deposition than model 
compounds studied. 
In the work by Rioche et al. [8] whole bio-oil was successfully reformed by using a variety of 
catalysts. The production of H2 was not very stable with a hydrogen stoichiometric yield less 
than 70% at the intermediate temperatures tested (T=795°C). Beech wood bio-oil in this case 
was produced by fast pyrolysis. 
Kechagiopoulos et al. [43] reported that hydrogen yield from aqueous bio-oil did not surpass 
60% of the stoichiometric potential in temperatures from 600-900°C. It is important to note that 
the bio-oil was obtained from catalytic pyrolysis of beech wood, and its chemical composition 
was not presented. The reforming of bio-oil aqueous phase seemed very different from reforming 
of the selected model compounds. The main reason proposed for this was because of higher coke 
formation. Also the nature of the coke deposits was briefly studied. 
1.8 Coke and catalyst deactivation  
Coke formation is an issue that has been the focus of attention in a wide variety of previous 
work. Additional to the SR reaction there is a series of unwanted reactions leading to the 
formation of carbonaceous deposits on the catalytic surfaces. A point needs to be made about 
coking and thermal decomposition. Generally coke is referred as condensed carbonaceous 
deposits on the catalytic surfaces. It is not uncommon to see coke described in the literature as 
deposits of thermal decomposition of organics as solid carbon. The carbon deposits that could be 
found above the catalyst bed from gas-phase decomposition could easily be mistaken for 
catalytic coke. An effort was made in this work to differentiate catalytic coke and carbon 
deposits due to thermal decomposition. If no distinction can be made these deposits will be 
called simply carbon deposits. 
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Oxygenated compounds found in bio-oils are thermally unstable and tend to undergo thermal 
decomposition and/or cracking reactions that compete with the SR reaction [6]. Due to the high 
temperatures of a steam reformer it may be inevitable that partial thermal decomposition or 
cracking may occur together with the Boudard reaction [8].  
CnHmOk  ↔ CxHyOz + gas (H2, CO, CO2, CH4…) + coke (8) 
 
2CO ↔ CO2 + C (solid)  (9) 
The main issues include thermal instability of the oils and catalyst coking leading to gradual or  
rapid deactivation [12]. Biomass derived liquids are more reactive than hydrocarbons because of 
the presence of carbon-oxygen bonds [22, 49]. These unwanted reactions may be enhanced by 
higher non-saturation, molecular weight and aromaticity of the feedstock as discussed for 
hydrocarbons [49]. This effect is also observed to a further extent at elevated temperatures 
because of their large size and thermal instability inherent from the constitutive molecules. 
Some early SR of bio-oil tests were performed using excess of steam; nevertheless rapid catalyst 
deactivation by carbon deposition took place [8]. Some of the products from the carbohydrate 
fraction of biomass, especially the anhydrosugars, are known to readily and completely 
dehydrate and form solid carbon. If carbon deposition and buildup on the catalyst could be 
prevented, the conversion of carbohydrates to hydrogen would be essentially complete [6]. The 
most significant factor seems to be the S/C ratio [12]. High ratios of steam to carbon (greater 
than 7) are necessary to avoid catalyst deactivation by coking [24]. 
1.9 Different approaches 
In order to overcome the common issues associated with bio-oil upgrading specially in 
laboratory reactors there has been some interest in generating hydrogen and other products using 
alternative reaction schemes. The purpose of many of these other works lie in the fact that 
hydrogen yields need to be increased while overcoming the main issues with the bio-oils. These 
approaches include different reformer designs, different catalysts, different process designs, and 
the study of reactions at different thermodynamic regimes. 
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1.9.1 Catalyst selection 
A series of tests using different combinations of noble metal catalysts and different types of 
support structures was completed to study their SR performance in laboratory scale reactors. For 
example, a publication from CenTACat in the University of Belfast in Ireland [8] reported the 
performance of high-cost noble metal catalysts such as Pt, Pd, Rh oxides which were 
impregnated on two different types of supports, one made of alumina (Al2O3) and a ceria-
zirconia (CeZrO2) porous structure. It is important to note that noble metal-based catalysts are 
typically more expensive than Ni-based catalysts. Reasons why noble metal catalyst would be a 
good choice are based on the possible advantages over a Ni-based catalyst such as better 
selectivity to the desired products instead to coke formation when reforming the whole bio-oil, 
and possible higher activity per unit volume of metal. 
Four model compounds were reformed [8] to test the effect of metal catalyst and also the effect 
of the nature of the support and find a versatile combination for bio-oil SR. Acetic acid was used 
to model the carboxylic acids, phenol to model the phenolics from lignin, acetone to model the 
carbonyl containing ketones and aldehydes, and ethanol to model the alcohols. The results 
showed that based on a COx (CO and CO2) yield from total carbon input the Rh over alumina 
performed better for all selected model compounds than the other formulations followed by 
combinations of Pd-alumina and Rh-CeZrO2. The hydrogen yield based on stoichiometry of the 
model compounds was higher for the Rh-CeZrO2.  
Some of these catalyst formulations were also tested using real bio-oil (from beech wood 
pyrolysis supplied by the University of Twente) [8]. This bio-oil containing both the 
hydrophobic and the hydrophilic fraction was co-fed with water to the reactor by using two 
separate syringe pumps. In this case, the catalyst formulations using a ceria-zirconia support 
showed clearly higher yields and conversion to gas products than the alumina supported ones. 
This means that the extent of the hydrogen yield-limiting coking reactions could be reduced by 
the use of this type of support. There was no clear effect of catalyst metal selection compared to 
the effect of the support for full bio-oil reforming. A bifunctional mechanism can be proposed 
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for some of the oxygenated present in bio-oil over noble-metal catalysts where (similarly to 
methane reforming on supported Ni catalysts) these are activated on the metal sites and the steam 
activated on the support. The increased activity observed over ceria-zirconia could be associated 
with the redox properties of this material in addition to the activity shown on alumina-based 
materials. 
Ni-based catalysts are robust and are still the most common in reforming reaction for various 
reasons.  Ni-catalyst are significantly more economic that noble metal catalysts, and have been 
proven to have higher intrinsic catalytic activity than the latter for oxygenated compounds [50]. 
Ni-catalysts have shown to produce hydrogen from bio-oil in stoichiometric yields slightly lower 
than 80%, but clearly higher than the yields with noble metals [22]. In conclusion, there have 
been no clear advantages found in the utilization of noble metal based catalysts for reforming of 
oxygenates. 
1.9.2 Fluidizable catalysts 
The SR of bio-oil requires an intimate contact of the organic molecules with the catalyst in order 
to minimize or facilitate removal of carbonaceous deposits. As shown in previous experiments 
by Wang et al. [23] a fixed-bed reactor would perform well but the activity was affected within 
hours. The use of a fluidized bed was proposed by Czernik et al. [11, 22] to improve the 
performance of the reactor by providing good contact of the catalyst with the reactants and thus 
potentially increasing the reaction time (time on stream). The hydrogen yields were not 
maximized by used of this technology but only an attempt to improve catalyst stability plus other 
issues were found for this kind of setup adding to the complexity of the tests. For example, the 
catalyst used lacked the mechanical strength necessary resulting in high attrition losses.  
1.9.3 Sequential cracking and reforming 
Studies performed by Davidian et al. [51] show that hydrogen can be produced from bio-oil by 
sequential catalytic cracking and SR reactions over alumina supported nickel (Ni) and potassium 
(K) promoted nickel catalysts. The purpose of this was to continuously regenerate the catalyst 
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from the large carbon deposits generated from bio-oil decomposition reactions. The catalyst 
reached steady state hydrogen production values quickly and steadily during the reforming 
cycles. It is shown that with the use of this technique the hydrogen productivity is never as high 
compared to a continuous reforming and the ability to scale up this kind of technology can be 
questionable. 
1.9.4 Autothermal reforming 
In order to minimize carbon deposition during SR of bio-oil, it has been proposed that a small 
stream of oxygen is introduced in what is commonly known as autothermal operation. The 
oxygen addition to the SR reaction introduces exothermic partial oxidation reactions that can 
allegedly help reduce the selectivity to coke. It was proposed that a small concentration of 
oxygen would not negatively affect the hydrogen yield from oxygenated compounds.   
In the work by C. Rioche in Ireland [8], the results showed a significant reduction of carbon 
deposition in the reactor when oxygen was introduced to the (whole) bio-oil steam reformer. 
Substantial hydrogen yield decrease was also observed as the concentration of oxygen was 
increased. Severe catalyst deactivation over time was also detected with the addition of oxygen 
when compared to the SR alone. This deactivation could be attributed to catalyst sintering 
because of extremely high temperatures achieved locally during highly exothermic oxydation 
reactions. For this case the decrease in hydrogen yields and severe deactivation issues 
counterweight the improvement in coke deposition and discourages the autothermal approach in 
bio-oil reforming over Pt-ceria/zirconia catalysts. 
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 CHAPTER 2. Experimental 
2.1 Feedstock analysis 
The analyses performed on the whole bio-oil and the aqueous bio-oil fractions are summarized in 
Table 2.1 and following are the descriptions of each of these analytical methods. 
Table 2.1 Summary of feedstock analysis 
Samples Analysis performed 
Bio-oil fractions KF titration, CHN, solids content, ash content, water-
insoluble content 
Aqueous fractions KF titration, CHNSO, GC-MS, pH 
 
2.1.1 Moisture content 
The water content of the bio-oil and solutions was determined by Karl Fisher (ASTM D-1744) 
titration method [17, 52]. The moisture contained in the bio-oil was especially important for the 
determination of organic content in the aqueous fractions and the organics input to the reactor. 
The Karl Fisher titration was performed using a KEM MKS-500 titrator with Hydranal® 
Composite 5 iodine reagent. The solvent was dry methanol. The amount of titrant solution used 
is directly proportional to the free-moisture content in a weighted sample. The average of three 
replicates was reported. 
2.1.2 CHN elemental analysis 
An elemental analysis on bio-oil was needed to characterize such a complex feedstock and to 
determine carbon input to the reactor [43]. The carbon content in the bio-oil was used to set the 
S/C parameter for different samples. In this case bio-oil samples were separated and directly 
analyzed. For the bio-oil samples a carbon, hydrogen, and nitrogen (CHN) elemental analysis 
was performed with a Perkin-Elmer Model 2400 Series II CHN/S elemental analyzer. The 
instrument determines the concentration of these elements by analysis of the different 
combustion products. The sample size for this particular instrument is required to be about 2 mg. 
It was reported that high water samples should be run with larger sample size to minimize loss in 
H and O resolution and accuracy. 
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Another elemental analyzer was used as an alternative to analyze high water content samples and 
as an attempt to increase accuracy. The instrument was a Thermo Scientific Flash EA1112 
(available at NABL facility at the University of Northern Iowa) analyzes CHNS by combustion 
products and a separate sub-unit to analyze O products.  
2.1.3 GC-MS analysis 
For speciation analysis of the aqueous fractions that were later reformed a Varian Saturn-2200 
mass spectrometer was used. The mass spectrometer was coupled with a Varian CP-3800 Gas 
Chromatograph. The injected samples are separated in a GC column and then analyzed by mass 
spectroscopy.  
 
Figure 2.1 Varian GC-Mass Spectrometer 
The column used was a Frontier-UA5 medium to low polarity GC capillary column. This column 
was a 30 m long and had a 0.25 µm film thickness. The analytical method was optimized to 
separate and detect a wide range of types of compounds contained in bio-oils. A set of standards 
were prepared to determine concentrations in weight basis. Calibration curves were generated for 
13 compounds including the main aqueous compounds and the main ring structured compounds 
found in bio-oil. The bio-oil samples were diluted in methanol to avoid overloading the 
detectors. Issues faced with this analysis will be discussed later. 
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2.1.4 Acidity measurements 
The acidity of aqueous bio-oil fractions was measured based on the pH of the reforming 
feedstock solutions. For this purpose a Corning 320 pH meter was used with two buffer 
standards at pH 4 and 7. The calibration of the instrument was checked every day before starting 
the analyses. Three replicates were obtained and the results averaged. 
2.1.5 Solid content 
The solid content is referred to the methanol insoluble materials in the bio-oil [17]. This analysis 
was performed to determine different levels of solids contained in the different fractionated bio-
oil samples. The solids content in the bio-oils is determined by dissolving 2 g of sample in 200 
mL of methanol. After mixing vigorously, the solids were vacuum filtered using Whatman 41 
filter papers. The filters were rinsed and dried in the oven. The solids content was then 
determined by the ratio between the weight of solids collected on the filters and the bio-oil 
sample weight. Three replicates were obtained and the results averaged. 
2.1.6 Ash content 
The ash content includes the alkali metal oxides recovered from the biomass present in the whole 
bio-oil. The method used for determining ash content was based on the ASTM D 482 [17]. The 
bio-oil samples heated and burned in various stages while the unburnable remaining ashes are 
then weighted. The average of three replicates was reported. 
2.1.7 Water insolubles content 
The amount of water insolubles in each whole bio-oil sample is quantified by using a water 
extraction based on a method obtained from the literature [52]. With this method sufficient water 
is used to completely separate the water soluble species from the insoluble regardless of their 
mutual partial solubility. A sample of 3-5 mL of bio-oil is dissolved in 400 mL of deionized 
water and stirred for 2 hr to help precipitate the hydrophobic fraction. The solution is then 
filtered through both a Fisher Brand P5 and a Whatman 41 paper filters. Then the weight of the 
precipitate in the original flask is added to the weight gain of the filters. This number once 
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divided by the amount of bio-oil used gives the relative amount of water insolubles. The average 
of three replicates was reported. 
2.1.8 Heat of combustion 
A Parr 1341 Oxygen Bomb Calorimeter was used to determine the heat of combustion [17] 
(ASTM D4809) or high heating value (HHV) of the whole bio-oil samples for an overall 
comparison between them. With this method a small sample is ignited in presence of excess 
oxygen inside a contained chamber submerged in water. An average of three replicates is 
reported. 
2.2 Catalyst analysis 
2.2.1 X-ray Fluorescence 
A PHILIPS PW2404 X-ray fluorescence spectrometer was used to identify contamination or 
poisoning of the catalyst. The target poison was sulfur for its importance in deactivation of Ni 
catalysts. 
2.2.2 Chemisorption 
An integrated Micromeritics ASAP 2020 Surface Area & Porosimetry System was used to 
determine Ni surface area by H2 chemisorption method. The Ni dispersion is determined by 
comparing the active area of the active catalyst sites to the metal loading. 
2.3 Materials, reagents and supplies 
2.3.1 Chemicals 
The water used for all solutions and to provide steam for reforming was obtained by 
ultrafiltration of partially deionized water (The resistance of the water was measured at about 
18.0 MΩ-cm). Compressed gases were obtained from Linweld gas, nitrogen was obtained at 
99.99% purity, hydrogen was 99.999%, and propane was research grade (higher than 99.99% 
purity). The air used to regenerate the catalyst was the building compressed air which is about 
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19% oxygen. HPLC grade methanol, glacial acetic acid, and other oxygenated standards where 
obtained from Fisher Scientific. 
2.3.2 Catalyst 
The catalyst used for experiments was a commercial Reformax 330 LDP purchased from Süd 
Chemie. This nickel-based catalyst is a typical natural gas reforming catalyst that comes as ring 
structures with equal 13mm diameter and height.  The catalyst is a dispersed nickel (Ni) metal 
over a strong alumina support, with a reported Ni metal loading of 14 wt%. The crushed catalyst 
was analyzed at the Chemical and Biological Engineering Department and showed 4.2% Ni 
dispersion and a metal surface area of 3.1 m2 Ni/g by hydrogen chemisorption. Further 
information on the formulation or synthesis of this catalyst is proprietary and is not available. For 
all fixed bed standard runs of this study the commercial catalyst was crushed with a mortar and 
pestle, and then sieved to achieve a particle size between 250-500 µm. This particle size is within 
the particle sizes selected in the relevant literature. This particle diameter distribution is small 
enough to eliminate transport effects in laboratory reactors and large enough to minimize 
pressure drop.   
2.4 Fast Pyrolysis unit 
The fast pyrolysis reactor used was a pilot scale fluidized bed reactor as described by Daugaard 
et al. [53], located at Nevada, IA at the Iowa Energy Center (IEC) BECON Facility. The 
pyrolysis unit uses nitrogen as an inert fluidization gas and sand as the fluidization media. The 
reactor exit is equipped with two cyclones connected in series to separate the char solids 
generated during pyrolysis from the vapors and the gases. Then after the cyclones the bio-oil 
vapors are collected by a proprietary condenser system. Four (4) liquid samples were collected 
and characterized. These bio-oil samples needed to be recently prepared and refrigerated to slow 
down the aging process which would potentially change their properties with time. 
2.4.1 Bio-oil feedstock 
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The bio-oil used for tests on this project was obtained by fast pyrolysis of cornstover using the 
previously described reactor [53]. The cornstover is composed of the leaves and stalks from the 
Zea mays plant, in other words everything that is left after the grain is removed. The biomass 
was dried and ground to a particle diameter of 1/8”. The fluidized bed fast pyrolysis reactor was 
operated at an average bed temperature of 516°C. The mass balance of the pyrolysis is 
summarized in Table 2.2.  
The different fractions had distinct tones of color and consistency; they had the characteristic 
pungent smoky odor. The bio-oils were refrigerated within one hour of production, transported, 
and later characterized. 
Table 2.2 Fast pyrolysis products 
Mass balance wt% 
Char 25.1 
Bio-oil 43.8 
Gases 11.8 
Unnacounted/losses 19.3 
 
Table 2.3 Characterization of the four whole bio-oil samples 
wt % B2 B3 B4 E1 
C 30.35 29.55 19.77 49.45 
H 7.84 8.48 8.98 7.34 
N 0.480 0.417 0.235 0.880 
Ash 0.4970 0.8942 0.1851 0.2195 
O by difference 60.8 60.7 70.8 42.1 
Moisture 38.26 42.04 58.58 18.13 
Water insoluble 9.46 3.63 0.61 27.0 
Solids 3.418 4.459 0.181 1.427 
HHV (MJ/kg) 13.6 14.5 10.9 24.6 
pH 3.00 3.31 2.93 2.94 
S/Ci (mol/mol) 0.84 0.95 1.98 0.24 
A summary of the characterization of these samples was presented in Table 2.3. An unusually 
high water content and low amount of water insolubles was observed in sample B4. This 
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particular sample was homogeneous as collected and then after a few days of storage it had a 
more clear appearance with some precipitate on the container surfaces. This sample could not be 
re-homogenized and therefore only the liquid portion was sampled and used for reforming. 
2.5 Three-phase steam reformer 
2.5.1 Design goals 
One of the initial goals for the experimental set-up design was to provide good mixing of the 
reactants, i.e. bio-oil and water. The interest was on the water soluble bio-oil fraction so the bio-
oil and water could be premixed and co-fed to the reactor. The methods for preparation and 
characterization of the solutions will be discussed in a later section. Another goal of the design 
was to build an injector system that would provide atomization of the feedstock solutions. 
Czernik et al. successfully employed an ultrasound nozzle for low pressure drop and low flow 
rates of bio-oil. There was no other low cost similar scale atomization nozzle commercially 
available so a custom spray system was designed.  
 
Figure 2.2 Schematic drawing of bubble injection system 
The spray system initially employed 1/16” o.d. stainless steel tubing for the injection of the 
feedstock and mixed in a “T” with the nitrogen gas. This way the nitrogen would bubble and 
force the liquid at a higher velocity and spray inside the reactor and over the catalyst. It was also 
intended for this configuration to inject the liquid feedstock inside the reactor and close to the 
bed surface for a quick initial contact with the catalyst. There were some limitations found with 
this technique and are discussed later.  
 
Bio-oil 
feedstock 
Nitrogen 
Catalyst bed 
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2.5.2 Reactor setup overview 
A laboratory scale reactor was designed to be operated as a fixed bed catalytic reactor. The 
reactor consisted of a tubular quartz reactor with a ground quartz plate as catalyst bed support. 
The reactor was 42 cm long and had an internal diameter of 12.7 mm [54]. The bed catalyst bed 
was supported by a ground quartz frit located above the center of the reactor so that the bed 
location was raised to minimize preheating of the freeboard zone.  
 The reactor was placed inside a vertical electric heater and both ends of the reactor were 
insulated with ceramic wool to minimize heat losses. A series of K-type thermocouples were 
placed to monitor the system temperatures. A thermocouple was located at the outer surface of 
the gas pre-heater tube. Another thermocouple was used to monitor the bed temperature. The 
location of this thermocouple is later explained. A couple other thermocouples were placed to 
monitor the heating coils of the furnace, and the cooling bath temperature. Both the reactor 
furnace and the heat tape power inputs were controlled in feedback loops by separate 
temperature controllers. The controllers were located on a custom built control box together with 
a selectable thermocouple display.  
Nitrogen was used as inert carrier gas to insure proper flow properties and as an external 
standard to facilitate the quantification of the gas products. An Alicat MC series mass flow 
controller was used to keep an accurate and constant flow of nitrogen to the system. Hydrogen 
gas was used to activate the catalyst. Compressed air was also available for regenerating the 
catalyst by gasification of carbon deposits. A panel of set of valves and switches was used to 
control which gases would be entering the reactor. A gas preheating section was located right 
before the connection to the reactor top. This section was heated by using a variable current heat 
tape. This was mainly used to slightly pre-heat the nitrogen flow and help minimize overall heat 
losses.  
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Figure 2.3 Schematic of the steam reforming reactor setup 
The reactor was loaded with about 5 g of steam reforming catalyst. The catalyst was mixed with 
1 to 3 g of crushed low surface area silicon carbide pellets (2 mm size) to improve heat transfer 
and increase bed height. The overall bed height was about three times the bed diameter. This 
insured the proper flow across the bed avoiding channeling.  
A 25 mL gas condenser made of pyrex filled with water was placed bellow the reactor. The gas 
stream exiting the reactor was passed into the condenser where it bubbled through the water 
condensing excess water and any unreacted feedstock. The condenser was cooled by placing it 
inside an ice-salt-water bath. The salt was a feed salt mixture that was cheaply acquired. The salt 
addition was initially determined to be close to 10% compared to the amount of ice used to 
obtain a low enough temperature to the catch light organics and water but avoiding freezing of 
the liquid inside the condenser. A second dry impinging condenser was added to collect any 
excess moisture. Then a Drierite® loaded moisture trap was used to remove any remaining 
moisture. 
Vent to 
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The liquid feedstock was accurately injected by a single infusion KD Scientific programmable 
infusion pump located above the reactor. The nitrogen mass flow controller was also used to 
continuously monitor the upstream absolute pressure of the system. A pressure gauge was used 
to monitor the downstream pressure of the reactor. This way the pressure drop across the bed 
could be monitored as well as helping identify possible leaks. A pressure maintaining relief valve 
was placed after the pressure gauge to set the operating pressure in case the product gas analysis 
unit would not be available. This pressure valve also served as a tool to make sure there were no 
leaks and that all the reactants and gas flow properly through the reactor.  
2.5.3 Product analysis 
2.5.3.1 In line GC gas analysis 
A Varian CP-4900 MicroGC was used to analyze the product gas composition approximately 
every three minutes during steam reforming runs. This GC is portable analytical unit that can be 
connected to the process line and analyze a slip stream of the gas currently being produced. The 
MicroGC obtains gas samples by using internal vacuum pumps and splits them to each of three 
(3) modules. Each module is equipped with a different chromatography column, each with 
individual TCD detectors. The module in channel 1 uses a 10 m long MS5 molsieve column and 
is used to separate and detect N2, O2, H2, CH4 and CO gases. Channel 2 module uses a 10 m long 
PPU porapak column used for separating CO2, ethane and ethylene. The channel 3 is equipped 
with a CPSil column capable of separating other heavier hydrocarbons such as propane, 
propylene, acetylene, etc.  
A cart was custom built as seen on Figure 2.4 to facilitate the transportation of the instrument 
together with the carrier gases. This cart had a two regulator system so that the pressure would be 
maintained between the operation pressure and a safety limit of 10 psig.  
The MicroGC sample point was located after a moisture trap and before the pressure regulator so 
that the pressure could be set to one that facilitates the sampling of the gases. This pressure 
would be generally between 1-5 psig. The data was acquired using a computer and Varian 
Galaxie software and exported as a function of sample time.
Figure 2.4 MicroGC cart and data acquisition computer
 
2.5.4 Equipment design issues
2.5.4.1 Reactor construction
The quartz reactor configuration was advantageous bec
and start-up accurately and consistently. The careful placement of the reactor thermocouple and 
the accurate position of the injection system proved vital to get good results. Qualitative analysis 
of the catalyst bed and carbon deposition 
quartz-quartz, quartz-metal fittings made the system also susceptible for leaks. Vacuum grease 
and a series of clamps were used to minimize these issues. The reactor system
supervised at all times to insure that all leaks were quickly identified and fixed.
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2.5.4.2 Bed thermocouple location 
Following previous work the reactor temperature readings were taken from a thermocouple 
placed below the catalyst support indirectly measuring the catalyst temperature [55]. The system 
designed to hold a thermocouple from the bottom of the reactor forced having the reactor outlet 
above the thermocouple entrance, this way there was a stagnation point for liquids to collect. A 
thermocouple was then placed inside and in close contact with catalyst bed from the top opening 
of the reactor. A short study was performed to determine difference in readings of both 
thermocouples compared to the actual heater temperature. The results are included in the 
appendix. This simple test showed that with this setup the temperature observed below the bed 
support tends to be lower than the actual bed temperature in some cases the difference was about 
40°C. 
Several issues were found as the nitrogen feed line, the liquid feed tubing and the thermocouple 
should all be entering through the top of the reactor. The liquid feed line had to reach inside the 
reactor and so the thermocouple so a high temperature rubber septum was used to fit both lines 
straight into the reactor. This setup for the reactor inlet was favored due to ease of maintenance 
and because all its parts were easily replaceable. 
2.5.4.3 Model compounds 
Acetic acid and water solutions were originally selected to model bio-oil as commonly done in 
the literature to set up the reactor and help design the experimental and analytical methods. 
Acetic acid was mixed with excess water to a S/C molar ratio of 6. This ratio represents an 
excess of water and this way a complete steam reforming plus water-gas shift is obtained. The 
acetic acid solutions were introduced into the reactor which was heated to 550°C using the 
bubble nozzle at a liquid feed between 4-20 mL/hr and a N2 flow rate of 200 ccm, both ratios 
high enough to provide constant injection to the reactor.  
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Figure 2.5 Example of product concentration profile of acetic acid reforming (S/C=6, W = 0.1g) 
A particular limitation was found when using the bubble injection system. During acetic acid SR 
the concentration of desired hydrogen and carbon dioxide quickly decreased showing either 
reactor blockage or rapid catalyst deactivation (Figure 2.5). After a 60 min run the reactor walls 
were visibly covered with carbon where the bed was located and the headspace around the 
injection point, as seen in Figure 2.6. This deposition suggests severe thermal decomposition of 
the acetic acid over the hot reactor walls and also severe coking over the catalyst surface.  
It was observed that the furnace used did not provide even heat in the axial direction. Visibly the 
hottest region was found to be the upper center region. Now in order to minimize the preheating 
or cracking section the reactor configuration was such to place the bottom of the bed right above 
the hottest region, e.g. by flipping the reactor upside down. Also the bubbling injection system 
was found to spray significant amount of the feedstock directly over the hot reactor walls and 
thus promoting thermal decomposition reactions. 
Further runs were performed to try to correct these issues but persistent limitations led to later 
use a more stable model compound like methanol. Methanol was selected being the simplest bio-
oil oxygenated model compound. It is known that methanol is much more thermally stable than 
acetic-acid and would serve better for equipment shakedown tests and mass balances. The 
purpose of these mass balances was to refine the proposed experimental and analytical methods. 
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Figure 2.6 Carbon covered catalyst and reactor walls; furnace (1), carbon deposition (2), catalyst 
bed location (3) 
Methanol steam reforming was performed at similar molar feed flow rates in analogy to methane 
steam reforming as presented in Satrio et al. [55]. For methanol reforming there was no carbon 
deposition observed in any of the runs and the conversions were up to 85 mol% even when using 
very little amount of catalyst. The system pressure was found that needed to be at least 1 psig to 
facilitate gas analysis, this way a pressure of 5.0 psig was selected for all further runs to facilitate 
flow of gas through the bed and help identify leaks. 
The limits of the process parameters were found to be 20 mL/hr liquid feed, stable temperatures 
up to 800°C, amount of catalyst up to 4-10 g, condensate collection volume up to 25 mL, N2 
flow rates higher than 200 mL/min, and system pressure of about 6 psi.  
2.5.5 Initial bio-oil reforming issues 
As the first samples of bio-oil were run for initial testing in the steam reformer several issues 
were found related with their thermal instability. The liquid feed tube was located close above 
the hot catalyst surface so that simultaneous vaporization and reaction would occur to reduce 
residence time and avoid thermal decomposition effects. This setup utilizes an approach similar 
1 
2 
3 
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to the flash catalytic volatilization discussed in the work by Salge et al. [56]. This setup reduced 
the visible carbon deposits occurring on the quartz surface but this tubing would receive direct 
radiation from the electric furnace. This injector tube was also difficult to keep centered inside 
the reactor to avoid direct contact with the reactor walls. In many tests the tubing quickly 
clogged with solid deposits so that it was later designed to drop the bio-oil solutions from a 
region above the heating elements and bent so that it would consistently inject at a similar 
distance from the reactor walls. This setup minimizes preheating by dropping the cool feedstock 
from out of the heating regions of the reactor directly over the hot catalyst section. 
In an attempt to collect all the possible condensates to be able to determine overall conversion of 
the bio-oil feedstock the temperature of the ice bath was reduced by adding an amount of salt. 
This caused in many cases that the liquid catch in the condenser to freeze. Whenever this 
happened it impeded the gases to come out of the reactor and thus the upstream pressure was 
increased while the downstream pressure dropped. It was found that adding just about 2 g of salt 
was enough to eventually achieve a temperature close to -4°C. This was enough to catch most of 
the condensates which for most of the runs only water was detected. 
2.5.6 Reactor modifications 
A thermocouple was placed inside the catalyst bed inserted through a septum at the top of the 
reactor to measure directly the bed temperature. This way a stagnation point for condensates was 
also eliminated. A plastic syringe was connected to a lure-lok fitted 1/16" O.D. stainless steel 
tube inserted through a septum and inside the reactor to inject by dropping the liquids on top of 
the hot catalyst bed from outside the heating regions. The nitrogen pre-heater was set to slightly 
pre-heat the carrier gas at about 80°C which showed to help improve the isothermal 
characteristics during reaction runs. 
Reactor inlet 
Figure 2.7 Picture of tubular fixed bed reformer inside furnace (top), injection system and 
Steam reforming of acetic acid (S/C=6)
the experimental methods. It can be seen in the Figure that a steady operation was achieved in 
about 10 minutes yielding mostly hydrogen and carbon dioxide at T=500°C.
Figure 2.8 Product concentration profile of acetic acid reforming after modifications (S/C=6, 
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In this case there was no visible carbon deposited on the reactor walls like observed previously 
with the large preheating section and bubble injection. Also the excess of catalyst used seems to 
provide a more stable operation that permits the study of a steady production of hydrogen at 
higher conversions. 
2.6 Experimental methods 
2.6.1 Catalyst pretreatment 
After loading the catalyst inside the reactor it was activated by reducing the metal oxides to the 
active elemental form. It was treated with a 50-50% mol mixture of hydrogen and nitrogen at 
550°C for approximately 4 hr to reduce the nickel surface to its active elemental form. Nitrogen 
was used to enhance the catalyst reduction by improving mass and heat transfer and to efficiently 
swipe the moisture generated out of the pores of the catalyst. Also after a reaction cycle the 
catalyst was regenerated by gasifying the carbon deposits with air flow at 500°C for 4 hr and 
then reused until activity is reduced. After each regeneration cycle the catalyst had to be reduced 
again. The stability of the catalyst was regularly tested by propane steam reforming. 
2.6.2 S/C ratios 
The preparation of aqueous solutions that insured a constant S/C molar ratio between different 
samples was found to be non-trivial. Knowing the amount of C and the moisture content in the 
bio-oil, the water requirement to adjust the S/C ratio to the desired one can be calculated.  
reactor  the tofed C of moles
reactor  the tofed OH of molesS/C 2=         (10) 
The aqueous phase extraction served now a double purpose of precipitating the water insoluble 
derived fraction and adjusting the S/C ratio. Once the water is added the mutual solubility of the 
aqueous compounds and the amount of water insolubles is significantly reduced, hence 
precipitating the heavier fraction. The solubility of the organics depends on the nature of the bio-
oil and this is discussed in more detail in the work by Oasmaa et al. [46]. The amount of the 
oligomers that would stay in solution is dependent also on the amount of water present. This way 
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the more water is added the better the quality of the aqueous extraction. A minimum S/C ratio 
must be determined that would drive the steam reforming reaction but large enough to precipitate 
most of the water insolubles. 
Now the more challenging part corresponds to the prediction of the C remaining after different 
levels of water addition to the different bio-oils. A carbon balance would let us determine the 
amount of water to give the desired solution taking into account the carbon lost in the water 
insoluble fraction. This would work if the amount of precipitates, after the calculated water 
requirement, is added is equal to the amount determined from the crude bio-oil analysis. It 
cannot be automatically assumed that the amount of water insolubles determined previously 
would completely precipitate with the water determined for addition. There is a relationship in 
the amount of water added to the amount of water insolubles that may actually stay in solution or 
precipitate. This particular issue was not studied in this work. Instead the approach devised to 
overcome this was to adjust a S/C ratio based on the original total C in the bio-oil, assuming that 
there is no water insoluble fraction present. This way the selected S/Ci would be equal to the 
solution S/C if the bio-oil has none or very low water insoluble content.  
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This would give a minimum value for low water insolubles bio-oil and increasing as its content 
increases. The effect of this water addition levels was quickly investigated to determine 
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minimum water requirement and effect of higher water additions. The actual S/C ratios in this 
project were determined from elemental analysis and water analysis after aqueous extractions 
2.6.3 Aqueous extractions 
The selected characterized bio-oil samples were homogenized before the water extraction by 
placing in an ultrasonic bath for approximately 10-15 min. About 2-10 g of bio-oil was weighted 
each time, and the calculated water requirement for this fraction was added according to the 
equations 6 and 7 additionally to the ones presented in the previous section. 
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The samples were mixed very well for about 10 min and then let sit so that the water insoluble 
oligomers deposit to the bottom of the vial. While the water insoluble precipitates upon water 
addition, some of the water insoluble species can still remain in the aqueous phase (due to partial 
solubility in water and other organic compounds present) dissolved or suspended. Optionally the 
solutions were centrifuged for 10 min at 1600 RPM to help separate the heavy components. The 
liquid phase of the solutions was poured to a new vial and then filtered using a 0.45 µm filter 
paper to remove the remaining water insoluble species.  
The analysis of the aqueous solutions is presented in Table 2.4. It is important to note that at the 
high water level of these solutions the elemental analysis is very troublesome. It was reported 
from one of the CHN instrument manufacturers that with such high water content there is great 
loss in accuracy of H and especially O measurements. For this reason these samples were sent 
for a different CHNSO analysis. The manufacturers of this instrument also reported the 
possibility of loss of accuracy in the O reading in high water content samples. For this reason the 
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O was determined by difference of CHNS as commonly reported in literature [5], to obtain a 
more accurate estimate. 
Table 2.4 Elemental analysis of samples prepared for reforming (S/C ≥8.0) 
wt % B2 B3 B4 E1 
C 6.44 5.87 7.04 3.57 
H 11.08 11.03 10.89 11.16 
N 0.30 0.32 0.14 0.19 
S 0 0 0 0 
O by difference 82.18 82.78 81.94 85.08 
 
The solutions were analyzed for water content to determine the amount of organics right before 
each run. The remaining of the solutions was stored in a refrigerator for later analysis or 
reforming.  
2.6.4 Steam reforming of bio-oil runs 
Then the aqueous bio-oil solutions were first prepared according to the water requirement 
previously determined and quickly tested using KF method to determine content of water and 
organics. Then starting with a clean reactor desired amount of catalyst was added over some 
amount of quartz wool (about 1 g or less) for the fresh catalyst runs. The amount of catalyst used 
for the tests was between 4.02-4.72 g and the amount of silicon carbide. The thermocouple is 
placed inside the catalyst bed at the center. At this point the condenser bath was prepared with 
the ice and salt and set the temperature to about -4 to -7°C. The reactor was sealed with vacuum 
grease and tested for leaks with flowing nitrogen. The reactor was then preheated for at least 30 
minutes before any experimental run while running nitrogen gas through the reactor.  
The N2 pre-heater was set to about 180°C. The catalyst was reduced as explained before and then 
kept with a flow of nitrogen for a few minutes to remove the hydrogen and moisture remaining 
in the system. The selected solution is loaded to a plastic syringe and loaded to the syringe pump. 
The downstream backpressure was set to 5.0 psig forcing the nitrogen gas through the system. 
The MicroGC automation was started before starting to inject to purge the sample line and the 
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GC columns. Once ready to run the solutions were fed with the syringe pump by dropping the 
cool liquid directly on top of the hot catalyst bed at a rate of 4.0 mL/hr. The syringe and feed line 
were then primed with the feed solution. 
During the run the GC data was obtained every 3.5 minutes and analyzed until a steady state was 
observed. The usual run time was between 1-2 hrs.  The GC data was presented in percent 
volume of the different species which can be used to calculate the actual volumetric flow rates by 
using a known flow rate of nitrogen as external standard. 
2.6.5 Further bio-oil reforming issues 
The bio-oil samples obtained where not entirely homogenous. These samples contained 
suspended and precipitate solids. Especially noted in the high water insoluble samples the 
hydrophobic fraction appeared agglomerated and also tended to stick to the surface of the 
containers. When these samples were sent initially for elemental analysis, there was a high 
variability reported in some cases and suggesting heterogeneity. In these cases analytical 
equipments requiring small sample sizes were more affected since it is difficult to obtain a small 
representative sample of a heterogeneous mixture. The samples were subsequently homogenized 
in an ultrasonic bath before analysis to improve resolution and accuracy. 
2.7 Analytical methods 
2.7.1 Analytical issues 
Some analytical challenges we found mainly associated with the complexity of the bio-oil 
mixtures and the diluted nature of the aqueous bio-oil fraction.  
2.7.1.1 Elemental analyses 
As discussed before the heterogeneous nature of the bio-oil samples made difficult the initial 
determination of elemental composition from small representative samples. It was reported that 
the C was be the most accurate measurement from this analysis and these values were used to 
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determine the basis for the amount of water used for extractions. After the extractions the high-
water content would further difficult the analysis with this particular method. 
The resulting aqueous solutions, average moisture content of about 88 wt%, were then analyzed 
for CHNSO with after a conversation with a technical support agent [57]. This equipment was 
capable of analyzing slightly bigger samples after being homogenized. A possible source of error 
was reported for these particular samples in the H and O determination. Because of economic 
limitations a single set of samples were analyzed using this method. Also recommendations were 
made to acquire equipment capable of even larger representative samples of bio-oils to optimize 
accuracy and reproducibility in future tests. 
2.7.1.2 GCMS speciation analysis 
The high-water content samples also made difficult the chemical composition analysis of the bio-
oil mixtures. It is known that the water is incompatible with many commonly used detectors. For 
example, with a GCMS, some of the water would remain in the MS trap protonating many of the 
molecules, and thus introducing a large source of error in the analysis [58]. The samples were 
then further diluted to approximately 5 wt% in methanol. Now the organic compounds in the 
samples were greatly diluted first in water and then in methanol. At this level of dilution the most 
appropriate equipment in our facilities with such detector sensitivity was found to be the GCMS. 
Furthermore, the characterization of bio-oil mixtures is inherently difficult based on how many 
compounds need to be calibrated for. A time consuming full calibration had to be repeated every 
time there was major maintenance performed on the instrument such as replacing a detector 
filament.  
Some important compounds reported in the literature to be present in the aqueous bio-oil like 
formic acid and hydroxy-acetone (hydroxyacetaldehyde) are out of the detection limits of the 
presently used GCMS methods. These compounds could be detected using different analytical 
methods. The details on the methodology and logistics of this particular issue are part of a 
separate work. 
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A Varian 430-GC with an FID detector was used as a secondary analytical method to help 
characterize the aqueous bio-oil samples. This instrument was used upon unavailability of GC-
MS for analysis. The column used was a 60 m long CP-Sil 19CB to separate the compounds 
using a method similar to the one used for the GCMS. This detector appeared to be consistent 
during calibration with simple standards but eventually showed the possibility that new 
compounds were formed in the sample vials or inside the instrument injector due to high 
temperatures. This effect cannot be discarded from the analysis of complex bio-oil samples. But 
the results obtained were used as a good estimate of the actual composition of the compounds in 
the mixtures. It is important to note that if a solvent was used to dilute the samples as typically 
done with bio-oil in our laboratories there was no detection of species suggesting that the FID 
detection method was not as sensitive as the MS. 
2.7.2 Calculations 
After the reaction runs are completed the produced gas composition was used to determine the 
production of hydrogen and hydrogen yields based on the following calculations. First since the 
nitrogen gas was used as an external standard, it was used to calculate the actual generation of 
hydrogen by comparing their concentrations as presented in Equation 8 where Ux are the 
volumetric flow rates in mL/min of species x.  






=
N2
H2
N2H2 y
*UU y
           (17) 
The concentrations correspond to the areas integrated by MicroGC analysis converted to volume 
percent with calibration curves based on standard gas mixtures. Now since the flow of nitrogen is 
carefully controlled and known it can be used to determine volumetric flow rate of hydrogen out 
of the reactor as well as rates for all of the other gases detected and quantified. 
A basis for comparison commonly used in literature consists in obtaining hydrogen yields 
compared to the stoichiometric maximum based on a bio-oil empirical formula determined by 
elemental analysis. The reason for this is because the real bio-oil conversion cannot be easily 
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tracked because of the presence of many compounds in low concentrations. We need to keep in 
mind also that a single high-concentration compound cannot be selected because it could be 
different from one bio-oil sample to another. There were important issues found with the 
determination of elemental analysis for dilute samples. And for this reason this particular 
calculation was reserved for a particular analysis and will be discussed later. 
To simplify avoid some analytical issued and be able to compare the different samples at 
different reaction conditions a different calculation was derived using the analytical methods 
previously discussed. The hydrogen yield for most of the work was then determined by weight of 
the organics fed to the reactor. This gives a simple common basis for comparison and is not 
dependent on any external analytical method that would introduce noise or more analytical 
uncertainty. 
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The conversion of the carbon input to the reactor to gas products (CO, CO2, CH4, C2…) was 
used to estimate the amount of carbon remaining inside the reactor as carbon deposits. The C 
was analyzed for a set of aqueous solutions prepared at the design S/Ci ratios. These values were 
assumed to be consistent for all individual solution prepared with the same protocol. 
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         (19) 
The carbon deposited was then expressed in term of carbon input roughly by difference with 
carbon conversion (1-C%conv). 
2.7.3 Catalyst activity 
Propane reforming was performed with fresh and regenerated catalyst to check catalyst activity. 
The reaction was performed directly before reforming bio-oil samples and at the corresponding 
bio-oil reforming temperatures. Propane was pre-heated and fed to the reactor at 25.0 ccm and 
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water was fed at 11.7 mL/hr. This mixture represents a molar S/C ratio of 3.0, providing enough 
steam for the complete conversion of propane. The hydrogen generation rate was compared to 
comment about the activity of the catalyst. 
 Table 2.5 Criteria for catalyst activity based on propane steam reforming 
T (°C) H 2 (mL/min) 
500 115.7 ± 3.8 
600 138.1 ± 7.6 
700 149 
The long term stability of the catalyst is highly dependent on the impurities or poisons in the 
feedstock or conditions of reaction or regeneration. If the hydrogen production of propane steam 
reforming was less than the values shown in Table 2.5 after a couple of cycles of reforming and 
regeneration the catalyst was non-reducible or spent. In these cases a bed of fresh catalyst had to 
be prepared for successive tests. 
2.8 Experimental design 
The experiments were designed so that after a minimum water requirement was determined then 
all the samples were to be compared in terms of composition, and reforming potential. The 
solutions after being characterized they were reformed at three different temperatures of 500, 600 
and 700°C. Some of these samples were saved in the refrigerator after water extraction to run at 
other temperatures or replicates. At least one sample was also kept at room temperature for an 
extended period of time to study its stability in terms of steam reforming. Once the bio-oil issues 
were overcome a series of bio-oil steam reforming reactions were performed to determine the 
reproducibility of the experiment and the analytical methods.  
The general objectives defined beforehand for the present work were to first gather enough data 
to gain insightful understanding on the fundamentals of steam reforming of different bio-oil 
types or fractions. Potentially characteristics of high hydrogen yields and tendencies to generate 
carbon deposits can be correlated to the composition of the feedstock. To be able to gain 
sufficient knowledge on the complexity of these reactions and the complexity of the aqueous bio-
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oil, many challenges need to be addressed.  To be able to accomplish these goals, a detailed work 
plan was designed to identify some of the most relevant issues that could affect the yield from 
these reactions.  
2.8.1 Effect of water addition 
The first specific objective was to determine the effect of water addition on the production of 
hydrogen by steam reforming of bio-oil. This water requirement was determined by using 
different levels of water addition to perform the aqueous extraction on the bio-oil samples. The 
water levels used were chosen by determining the C weight percent by CHN combustion method 
and the moisture content of the crude (whole) bio-oil. A representative molar S/C ratio was 
calculated for each bio-oil sample. For this particular set of tests, a high water and low water 
insoluble fraction of bio-oil was selected so that this calculated S/C most closely matched the 
actual value.  
According to this three solutions were prepared at four different levels (S/C of 4, 8, and 18) and 
reformed at the same reaction conditions to determine steady-state production of hydrogen. The 
temperature was set to 500°C as measured by the thermocouple placed inside the catalyst bed 
while the nitrogen and liquid feed flow rates were set at 60.0 ccm and 4.00 mL/hr respectively.  
2.8.2 Effect of speciation 
The second specific objective was to study the difference between different fractions of bio-oil in 
terms of steam reforming. The approach for this is similar to a bio-oil characterization method 
where the results could be correlated to particular characteristics of the feedstock. One of the 
main differences discussed is the chemical identity of the solutions. The insight obtained intends 
to help predict hydrogen yields from bio-oil steam reforming of different kinds of bio-oil 
depending on its physical and chemical properties. 
The solutions were prepared so that the S/C was consistent with the minimum water (steam) 
requirement for steam reforming based on the carbon content of the crude bio-oil. These aqueous 
solutions were also later analyzed to determine the actual carbon content and letting us calculate 
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the true S/C ratios. All the solutions were reformed at three different temperatures of 500, 600 
and 700°C to be able to observe the behavior of each of the samples. The hydrogen yields and 
carbon conversions to gas were determined to be able to compare the results and discuss about 
the extent of catalyst carbon deposition in each case. 
2.8.3 Bio-oil stability 
During initial experiments the aqueous samples that were stored for future tests eventually 
showed some noticeable changes. The solutions appeared cloudy, darker, and with visible 
suspended solids or flakes. Potentially important changes occur during storage of bio-oils 
especially being an unstable complex mixture that is acidic and has high water content. KF tests 
showed a decrease in the water content upon storage. The full bio-oil samples were also re-tested 
for KF and in this case it was basically unchanged. As reported in the literature the aqueous 
solutions containing high water content and the acidity from the bio-oil tend to be more unstable 
than the full bio-oil. The reason why the water content of the aqueous samples would decrease is 
not well understood. For this work it is relevant to study the stability of these bio-oil solutions 
and its importance for steam reforming. The particular effect of aqueous bio-oil was studied by 
comparing fresh and aged solutions. The aging of the solution was studied in terms of steam 
reforming hydrogen yields, speciation, homogeneity and moisture content.  
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 CHAPTER 3. Results and Discussion 
From the tests using acetic acid and methanol it was determined that the bio-oil or its fractions 
need to be introduced to the reformer as a liquid. An effective nozzle injection system is needed 
to quickly inject evenly over the catalyst and avoiding pre-heating of the bio-oils. 
3.1 Water addition study 
During preliminary bio-oil reforming tests severe carbon deposition was observed in all cases 
producing a solid pellet of apparent graphitic nature that blocked the catalytic surface and thus 
avoiding the initial catalytic activation of the successive drops injected. The nature of the carbon 
deposition was not analyzed for this study whether it was graphitic or aromatic. This was 
observed in some cases to delay the appearance of reforming products and also producing an 
unsteady composition of the exit stream making quantification more difficult. 
One of the most important parameters in steam reforming of biomass derived compounds is the 
level of water addition. As discussed in the literature the steam reforming reaction of oxygenated 
compounds benefits from excess water conditions [6, 24, 37]. The water addition study aimed to 
find the minimum water requirement for reforming of the water soluble organics fed to the 
reactor. Sample B4 was selected based on its minimal water insoluble content which gives the 
most accurate actual S/C ratios. 
Table 3.1 Results of water addition study  
Fraction B4 B4 B4 B4 
T (°C) 500 500 500 500 
W (g) 4.72 4.72 4.72 4.72 
S/Ci (from full bio-oil) 4.02 8.02 12.02 18.01 
actual S/C - 8.07 - - 
ν0 (mL/hr) 4.00 4.00 4.00 4.00 
watertot (aqueous) 0.743 0.846 0.882 0.918 
N2 in (mL/min) 60.00 60.00 60.00 60.00 
H2 (mL/min) 21.0 14.4 10.9 7.6 
CO2/CO (mol/mol) 8 15 25 36 
H2 yield (wt/wt) 11.04 12.57 12.45 12.55 
C conversion (mol%) - 90.7 - - 
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It can be observed in Table 3.1 that at S/Ci molar ratios of 8, 12, and 18 the hydrogen yield was 
close to 12.5 % yield and basically consistent while the S/Ci of 4 gave a reduced hydrogen yield 
of about 11.0 %. During all runs there was no unreacted compounds detected using GCMS 
analysis of the condensates meaning that the conversion of the bio-oil was complete. 
 
Figure 3.1 Hydrogen yield for different water addition levels at T=500°C (B4 sample) 
This result suggests that at target S/C above 8, independent on the amount of precipitate material 
during aqueous extraction, there is no further increase in hydrogen yield. Moreover, the higher 
the amount of water insoluble content the higher the S/C ratio would be as discussed earlier. At 
S/C ratios less than 8 there could be a limitation due to insufficient water present to maximize 
the selectivity towards hydrogen and possible presence of oligomers that would easily 
decompose to carbon. These conditions could promote carbon deposition reactions. In general a 
lower yield is related to an increase of carbon deposition in the literature. The water addition 
level corresponding to a design S/C ratio of 8 was selected for all further studies providing basis 
to focus on the study of the conversion of aqueous phase organics in bio-oil. 
3.2 Non-catalytic steam reforming 
The non catalytic runs were performed to quantify the extent of cracking reactions at different 
temperatures. There was no significant production of hydrogen at any of the three temperatures 
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studied in contrast with the catalytic runs. For the non-catalytic run at 500°C there were some 
organics detected in the condensates and quantified using KF method.  
 
Figure 3.2 Hydrogen yield comparison for non-catalytic () and catalytic () runs at different 
temperatures (aqueous B2 sample, S/C=8) 
 
Figure 3.3 Carbon conversion to gas products for non-catalytic () and catalytic runs () at 
different temperatures (aqueous B2 sample, S/C=8) 
When this number was compared to the total organics injected to the reactor the result was that 
approximately 60 wt% of the organics was recovered. This was an isolated data point but shows 
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that there was an unreacted fraction of the bio-oil solution. For the other two temperatures 
studied there was no quantifiable unreacted fraction.  As the temperature increases we start to see 
some trace of hydrogen starting to appear as product of non-catalytic reactions over inert 
surfaces. A reforming catalyst is shown to be essential for the production of hydrogen at these 
reaction conditions. 
Also the carbon conversion to gas seems to become more important as the temperature increases. 
At 700°C of the non-catalytic runs the carbon conversion approaches 49.2 mol% suggesting a 
noticeable extent of thermal decomposition reactions. When compared to the catalytic runs these 
results suggest that at the higher temperatures like 700°C these compounds could easily react 
without a catalyst. When a catalyst is introduced part of the reaction could well be controlled by 
these thermal effects plus the contribution of catalytic reactions due to either reforming of 
oxygenates or the catalytic conversion of the intermediates generated.  
3.3 Effect of sample composition 
The different aqueous bio-oil samples were reformed at three different temperatures with 
standardized conditions order to obtain a common basis for comparing their products. The major 
compounds found in the aqueous bio-oil samples are presented in Table 3.2. The bio-oil fractions 
obtained were labeled B2, B3, B4 and E1. 
It can be quickly seen that the distribution of the compounds in different fractions is not entirely 
heterogeneous as the most important compounds were seen in all of them. The differences will 
later be considered in terms of how they may affect the reforming potential. 
A control sample was also characterized and tested in reforming tests. This control sample was 
selected as a more distinct type of bio-oil generated solely from cellulose portion of biomass 
providing potentially a completely different composition. This particular sample was 
characterized by GC-FID without using a solvent. This sample contained a reduced number of 
species giving a more complete mass balance. The control sample was composed mainly of 
acetic acid and levoglucosan. 
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Acetone was observed in the different fractions by previous GC-FID analysis but was not 
quantified. In the case of GCMS the detection of acetone and methanol as solvents is ignored to 
preserve the delicate filaments. Acetic acid was detected as the only carboxylic acid and is 
present in all the samples. It is also clear that acetic acid is more prominent in sample B4 while 
in a lower level there is no difference in samples B2 and B3.  
Table 3.2 Speciation of the different aqueous bio-oil mixtures (anhydrous wt%) and pH 
measurements 
Compound name M.W. B2 B3 B4 E1 Control 
Acetic acid 60 21.65 18.37 45.51 2.13 30.70 
Acetol 74 14.57 10.97 22.30 2.77 7.40 
Furfural 96 19.81 5.09 5.98 7.27 0.45 
5-methyl furfural 110 0.54 0.35 0.62 1.02 0.00 
Levoglucosan 162 23.35 9.60 16.66 29.32 60.69 
Other 20.08 55.61 8.93 57.49 0.76 
pH 3.00 3.31 2.86 2.94 2.69 
Acetol (hydroxyacetone) is considered both an aldehyde and an alcohol, and in these samples the 
concentration profile follows the same overall trend as acetic acid being more prominent in B4. 
Furfural is more prominent in B2. Another substituted furan derived compound found was 5-
methyl furfural. This compound was present in all samples (except the control sample) at a very 
low level. Levoglucosan (1-6-anhydro-β-D glucopyranose) is an anydrosugar that is a main 
product from cellulose pyrolysis [25]. A distribution is observed for levoglucosan where the 
highest concentration was found in E1, followed by sample B2, B4 and lowest in B3. The 
remaining balance corresponds to compounds out of the detection limits and many other 
compounds in lower concentrations for which a calibration was not available.  
Overall it appears that sample E1 is mainly composed of the heavier molecular weight 
compounds like levoglucosan and traces of substituted phenolic compounds (not quantified). In 
contrast samples like B3 and B4 are mainly composed of the lighter molecular weight 
compounds. 
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Table 3.3 Steam reforming of different samples at different temperatures 
Rxn 13 12 8 16 15 34 10 17 27 24 23 29 
Fraction B2 B3 B4 E1 B2 B3 B4 E1 B2 B3 B4 E1 
T (°C) 500 500 500 500 600 600 600 600 700 700 700 700 
W (g) 4.72 4.72 4.72 4.62 4.62 4.72 4.72 4.62 4.72 4.71 4.71 4.72 
S/C (from whole bio-oil) 8.00 8.00 8.02 8.01 8.00 8.00 8.02 8.01 8.01 8.00 8.01 7.98 
actual S/C 8.85 9.76 8.07 16.41 8.85 9.76 8.07 16.41 8.85 9.76 8.06 16.41 
ν0 (mL/hr) 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
watertot (aqueous) 0.865 0.879 0.846 0.923 0.854 0.871 0.839 0.910 0.883 0.879 0.851 0.915 
N2 in (mL/min) 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 
H2 (mL/min) 11.6 10.7 14.4 6.0 12.6 10.9 14.8 7.2 11.5 11.9 13.9 6.8 
CO2/CO (mol/mol) 19 22 15 52 13 16 10 27 9 7 6 11 
H2 yield (wt/wt) 11.59 11.89 12.58 10.43 11.64 11.39 12.43 10.77 13.22 13.34 12.63 10.76 
C conversion 80.7 79.0 91.9 64.8 85.1 80.7 92.9 83.7 77.1 90.6 86.0 78.8 
 
The results presented in Table 3.3 are also summarized in Figure 3.4 and 3.5. The hydrogen yield 
by weight of organics was used as a directly calculated result from reforming tests requiring 
minimum analytical power. For the overall temperature effect the hydrogen yields from the 
fractions were averaged and compared. The standard deviation from replicate reforming tests of 
sample B2 was included as a statistic measure of the reproducibility of experimental and 
analytical methods. These results show that there was no overall difference when the three 
different temperatures are compared.  
Table 3.4 Overall effect of reforming temperature 
Temperature (°C) Average H2 yield (wt%) 
500 11.62 ± 0.97 
600 11.56 ± 0.97 
700 12.49 ± 0.97 
When the overall results from different fractions are compared it is quickly observed that within 
the different fractions the hydrogen yields are similar. There are some few and key differences 
especially at 500 and 700°C where it appears that the E1 sample is slightly lower than the rest. 
The control sample reformed at 500°C showed a lower hydrogen yield than any of the fractions 
at any of the temperatures.  
A CO2/CO ratio was presented as a reference of the extent of WGS reaction. Although it might 
seem that this is not an accurate measurement of WGS activity because this ratio can also be 
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affected by thermal decomposition reactions coupled with catalytic reactions as observed earlier. 
It can be observed though that as the reaction temperature was increased this ratio decreased for 
each particular sample possibly showing lower WGS extent.  
 
Figure 3.4 Hydrogen yield by weigh of organics fed of the different samples at different 
temperatures 
The total conversion is given by the amount of unreacted mass of organics as collected in the 
condensates. There were no detectable amounts of unreacted oxygenates for all catalytic runs, 
meaning that the overall conversions to gas products were mostly complete. The carbon 
conversion would then measure the amount of carbon input converted to gaseous species. The 
remaining balance could be used as a gross estimate of the amount of carbon accumulated inside 
the reactor as a solid. The carbon accumulated inside the reactor is either on the any of the 
reactor surfaces or on the catalyst. The carbon conversions can be seen presented in a graphical 
form in Figure 3.5. 
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Figure 3.5 Carbon conversions from different samples at three temperatures 
An overall effect of temperature was not observed but there were some differences at the 
particular temperatures. At 500°C the carbon conversions to gas were clearly higher for sample 
B4 and lower for E1 and control samples, showing the minimum and maximum extent of carbon 
deposition respectively. The control sample produced the lowest amount of gaseous carbon 
products which could correspond to a larger amount of carbon deposited. At the end of this 
control reaction a large amount of carbon deposits was visible in the top region of the catalyst 
bed. 
A stoichiometric hydrogen yield was calculated based on a set of aqueous samples that were 
analyzed by CHNSO. The O from the analysis was reported to be in error; instead, an O was 
calculated by difference of CHNS. The analysis is presented in Table 3.5.  
Table 3.5 Elemental analysis of the set of samples run at T=500°C 
wt % (wet basis) B2 B3 B4 E1 
C 6.44 5.87 7.04 3.57 
H 11.08 11.03 10.89 11.16 
N 0.30 0.32 0.14 0.19 
S 0 0 0 0 
O by difference 82.18 82.78 81.94 85.08 
 
10
20
30
40
50
60
70
80
90
100
450 500 550 600 650 700 750 800
C
 c
o
v
e
rs
io
n
 t
o
 g
a
s,
 m
o
l%
T, °C
B2
B3
B4
E1
Control
These CHO values were used to determine an empirical formula based on molar proportions. 
Due to the excess of water already present in the solutions the empirical formulas were 
determined on a wet basis. The maximum obtainable hydrogen given 
is given by Equation 20. This value was calculated for each fraction and the yield compared to 
the maximum stoichiometric H2 
stoich Max 
yieldstoich  H2
Figure 3.6 H2 stoichiometric yield of four of the samples reformed at T=500°C; (1) 
tests T=700°C, S/C=5-35; (2) Rioche 
Now the stoichiometric yields from the different fractions can be compared with some literature 
values. From this analysis it can be 
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by a full SR stoichiometry 
is given by Equation 21. 
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et al tests at T=795°C, S/C=10.8; (3) Kechagiopoulos 
tests T=500-700°C, S/C=8.2 
observed clearly that there was no difference between the 
. This sample was characterized by the presence of the 
 acid and acetol. Similarly to the previous calculations 
B4 E1 (1) (2)
 
 
Wang et al 
et al 
(3)
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involving all the samples and temperatures there is a notably reduced hydrogen production for 
the E1 sample. Now, this sample was composed mainly of the heavier compounds and aromatics. 
The fact that B2 and B3 are not different in hydrogen production does not provide a lot of 
information since there were differences in composition but the positive or negative effects 
cannot be correlated from these tests. The individual effect cannot be easily determined since the 
carbon deposition and hydrogen production did not show a clear trend based on the species 
present. 
Figures 3.8 though 3.12 show the effect of the concentration of each individual compound in the 
aqueous bio-oil samples. These values represent the hydrogen stoichiometric yield for the 
reactions at 500°C. The error bars represent the standard deviation applied from the replicates. 
The effect in hydrogen yield presented comes from the combined effects of the different 
concentration of all species contained in the aqueous bio-oil. Taking this into consideration these 
results show a gross trend for each species and serves as a building block for further analysis.  
 
Figure 3.7 Effect of levoglucosan concentration () 
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Figure 3.8 Effect of acetic acid concentration () 
 
 
Figure 3.9 Effect of acetol concentration () 
There was a close to linear behavior for acetol and acetic acid concentrations both showing a 
proportional effect if increased hydrogen yield with an increase in concentration. From these two 
acetol shows a more profound effect than acetic acid. On the other hand the heavier compounds 
like levoglucosan, furfural, and furan derivatives tend to show a contrary effect although these 
concentrations were bounded to a small range of values and the behavior was not entirely shown 
by this analysis. 
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Figure 3.10 Effect of furfural concentration (x) 
 
 
Figure 3.11 Effect of 5-methylfurfural concentration () 
 
3.4 Bio-oil stability study 
The vial where the solution was kept appeared red initially clear of particles and progressively 
became darker with bio-oil deposits. After 30 days the solution looked visibly darker and with 
lots of dark particulate matter similar to the picture in Figure 3.13. The sample was homogenized 
in the ultrasound bath and a significant part of the particulate matter dissolved. Then after a 
period of 90 days the sample was placed again in the ultrasound bath but there was no major 
change in the aspect of the solution or the particulate. 
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Table 3.6 Chemical characterization of fresh and aged B4 sample (90 days) 
Compound name B4 B4 aged 
Acetic acid 45.51 26.14 
Acetol 22.30 11.31 
Furfural 5.98 21.68 
5-methyl furfural 0.00 0.68 
Levoglucosan 16.66 9.24 
Other 9.55 30.94 
pH 2.86 2.58 
The chemical characterization of the aged solution shows a decrease in the acetic acid, acetol and 
levoglucosan concentrations. It was been proposed somewhere else that the aging of these 
solutions involves polymerization of the samples and these new species would not be detected by 
our typical analytical methods. In general it could be suggested that the polymerized organics 
would now have higher apparent molecular weight and they could affect the catalytic reforming. 
The hydrogen yields of the fresh sample, after 30 days, and after 90 days are presented in Figure 
3.12. A significant rapid reduction in hydrogen production after 30 days was observed which 
could potentially imply that the changes due to aging of the solution are detrimental for hydrogen 
production of this type of solution. At the endpoint of the stability study after 90 days further 
aging was observed in terms of turbidity and loss of ability to re-homogenize. The hydrogen 
yield for this endpoint showed no further decrease in hydrogen productivity.  
From these tests it can be proposed that these aqueous bio-oil samples tend to age quickly at 
room temperature producing a significant amount of solids and once aged. An example of the 
appearance of a fresh and an aged aqueous bio-oil sample is presented in Figure 3.13. More 
pictures can be found in the appendix. 
 
Figure 3.12 Effect of storage time after water addition on hydrogen yield (aqueous B4 sample, 
Figure 3.13 Example of aged and fresh solution (B2 sample about 90 days old, and B2 freshly 
Some further experiments were performed to study in short effect of the visible particula
formed and suspended material in the reforming. A stored aqueous bio
in terms of steam reforming with the presence of the particulates and after filtration to remove 
these deposits. After filtration the solution seemed somehow c
After reforming of both samples the results were very similar in terms of hydrogen yields and 
carbon conversion, both within the standard deviation. From this there is no clear difference 
provided by the presence of particulates and solids upon aging of the bio
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Figure 3.14 Hydrogen yield of aged bio-oil solution before and after filtration (left), carbon 
conversion before and after filtration (right) 
 
3.5 Catalyst activity 
As discussed previously the commercial catalyst showed a decreased activity after a few hours-
on-stream. It was observed that after removing the carbon deposits and treating with hydrogen 
the catalyst would not regain its initial activity. There are two main scenarios that could explain 
this behavior. The first is poisoning because of the possible presence of impurities that could 
adsorb irreversibly at the temperatures used. The second possibility is sintering, possibly because 
of extreme metal temperatures during carbon burn-off.  
H2 chemisorption tests showed a decrease in metal surface that could be related to either case 
sintering by agglomeration of metal or surface deactivated by poisoning. X-ray fluorescence tests 
were later performed to detect contaminants as low as ppm level that could have accumulated on 
the surface. Interestingly enough an increase in sulfur concentration was evident together with 
some chlorine and phosphorous, all known nickel catalyst poisons. It is important to point that 
there was no sulfur detected in any of the bio-oil solutions but even in a much lower 
concentration compared to the level of detection can have a cumulative effect on a the catalyst. 
The results from the mentioned tests can be found in the appendix. 
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 CHAPTER 4. Conclusions 
It can be concluded that the delivery of the bio-oil to a steam reformer with a good dispersion 
and minimizing preheating is vital since bio-oils are extremely unstable and cannot be compared 
to hydrocarbon feedstock for this aspect. Aqueous bio-oil is unstable and some of its properties 
change upon storage, generating difficult to characterize suspended oligomers. The aging of the 
aqueous bio-oil samples proved to be detrimental for hydrogen production via steam reforming.  
As shown from the non-catalytic tests with aqueous bio-oil solutions, the presence of the catalyst 
is essential for the conversion of the bio-oils to hydrogen. At temperatures higher than 500° the 
non catalytic cracking reactions start to become important suggesting that with the addition of 
catalyst a combination of both cracking and catalytic conversion occurs. 
There is no further improvement in hydrogen yield with S/C rations of 8 or higher. This means 
that there was no further WGS activity or a reduced carbon deposition for the bio-oil samples 
studied. From these studies the conversion of aqueous bio-oil occurs completely even at 
temperatures as low as 500°C. The conversion occurs due to catalytic reactions via SR, thermal 
cracking, and coking. At this lower temperature the water-gas shift activity is also favored 
eliminating the need of a downstream WGS reactor. 
A different extent of carbon deposition affect the SR product yields depending on the type of 
bio-oil reformed. A more comprehensive study on the tendency to form carbon of compounds 
from bio-oil is needed in terms of temperatures and speciation to be able to understand better this 
phenomenon. The presence of low molecular weight acetic acid and acetol seem to promote 
higher hydrogen production. While the presence heavier molecules like levoglucosan and 
furfural may have a detrimental effect in the hydrogen production while results are not 
conclusive. An overall relation was detected between the molecular weight of the molecules 
reformed to the ability to reform and possible extent of carbon deposition. These results suggest 
a similar overall effect on hydrogen production in terms of higher molecular weight and 
aromaticity of hydrocarbon steam reforming as discussed by Trimm et al. [49]. 
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Although the effects observed cannot be completely deconvoluted by studying complex 
mixtures. The results set the ground for more detailed work looking at the actual contribution of 
different compounds present in different kinds of bio-oils. A better understanding will provide 
opportunity to determine hydrogen production potential from any kind of bio-oil. 
It is also important to note that the bio-oils as obtained contain species that represent potential 
catalyst poisons such as sulfur, potassium, chlorine, and others. The level of these could be so 
low as to be undetected by some analytical methods. An irreversible deactivation shows how 
aggressively these poisons bind to the catalytic sites. This is issue must be addressed in the future 
by either finding an economical catalyst formulation that is more poison resistant or by pre-
treatment of either the bio-oils or the biomass resource. 
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 CHAPTER 5. Future work 
From the literature reviewed and this work it was found that bio-oil reforming is difficult 
because of bio-oil instability and handling issues. Also the ability to produce hydrogen is limited 
in many cases due to large amounts of carbon formation. The yields presented in the literature 
were not necessarily comparable between different publications of studies [4, 8, 23, 43]. The 
different may be mainly due to the different kinds of bio-oil used. The results commonly 
presented do not give insightful information that could be applied to all bio-oil types. 
The hydrogen and carbon deposit production characteristics reported for bio-oil show that these 
do not match the reforming of some few selected model compounds. Individual contributions of 
each compound or group of compounds to the reaction have not been systematically studied. 
There is precedent to consider that there are characteristics in the bio-oils that may be favorable 
for steam reforming in the range of temperatures studied over an acid supported Ni catalyst. The 
individual effects need to be decoupled from the overall hydrogen product yields to be able to 
better understand the characteristics of these complex mixtures. Further studies should also 
address the de-convolution of the steam reforming reaction and the non-catalytic thermal 
decomposition to better understand the reactivity of the bio-oils. 
In order to obtain the fundamental information that is now needed in our way to better 
characterize the bio-oil feedstock for reforming a series of studies need to be performed next. A 
hypothesis that relates the ability to reform and the feedstock composition leads to a study that 
would attempt to simplify the inherent challenges of bio-oil handling. Starting with a simple 
kinetic first order model, a series of individual species could be tested and compared on a 
common basis. A chemical reaction kinetic study would provide the basis for an apples-to-apples 
comparison in terms of reactivity of different components of such a complex mixture as bio-oil. 
Chemical reaction kinetic parameters can be determined experimentally as not dependent on 
scale measurement of the reactivity of individual species. These parameters could be used to 
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compare different relevant compounds in terms of for example: molecular weight, length of 
carbon chains, presence or nature of carbon-carbon bonds, or by their functional groups.  
Let us consider, two similar species like acetic acid and hydroxyacetaldehyde (both chemical 
formulas C2H4O2) can be compared in basis of the effect of the hydroxyl group position that 
would distinguish and aldehyde from a carboxylic acid. 
This approach provides opportunity for better control over the process variables and eliminates 
stability effects of unstable mixtures. A kinetics control regime would also facilitate that the 
intermediate products of the reactions can be studied as possible troublesome species. In this 
case we take for example the conversion of acetic acid in a steam reforming reaction. As 
presented in the literature (Wang et al. and Takanabe et al.) acetic acid cracking reactions lead to 
the production of acetone as intermediate. The selectivity of acetone towards carbon formation 
over the acidic catalyst support is suspected to be quite high.  
A comprehensive carbon deposition study is also proposed to determine selectivities towards 
carbon depending on the same criteria mentioned above. Carbon deposition on the catalyst bed 
can be quantified by using a macro elemental analysis (CHNSO) of the whole or a representative 
sample from each test. The selectivity towards carbon could be determined for each selected 
species at the differential conditions as set-up for kinetic experiments. 
Finally the models need to be tested for model compound mixtures to study possible interactions. 
This way the results are validated and could be used to better describe the bio-oil steam 
reforming in reality. In general terms bio-oil would be better understood and this could help 
compare resources for hydrogen production and determine amount of bio-oil processing for this 
particular application. 
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A. TABLE OF SYMBOLS AND ABBREVIATIONS 
 
Symbol Meaning 
aq aqueous bio-oil 
C Carbon from CHN analysis (wt%) 
Cmol moles of Carbon per gram of bio-oil 
Fi molar flow rate of species i at reactor exit 
k moles of O in aqueous bio-oil 
KF water content by Karl Fisher method in wt % 
m moles of H in aqueous bio-oil 
n moles of C per gram of aqueous bio-oil 
Ni nickel 
O Oxygen 
Pyrolytic lignin Water insoluble fraction (wt%) 
S/C Water(steam) to carbon molar ratio at the reactor inlet 
S/Ci Intrinsic water to carbon molar ratio in the whole bio-oil 
S/Cwhole Adjusted S/C ratio based on full bio-oil carbon content 
SR Steam Reforming 
Ui volumetric flow rate of species i (mL/min, ccm) 
vo reactants volumetric flow rate (mL/hr) 
W Amount of catalyst (g) 
wateradd grams of water added 
wateraddmol moles of water added (ussually per gram of solution) 
wateri moisture wt % in the whole bio-oil (by KF) 
waterimol moles of water per gram of solution 
watertot g water per g of aqueous solution (KF/100) 
watertotmol moles of water in aqueous solution 
WGS Water-gas shift reaction 
yi molar fraction of species i at reactor exit 
ρaq density of aqueous sample (g/mL) 
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B. Appendix A. 
 
Table B.1 Hydrogen Yields from Steam Reforming Reactions (Wang et al. Ind. Eng. Chem. Res. 
1997, 36, 1509) 
    
stoichiometric H2 yield equilibrium H2 yield 
feedstock formula molesa % (by wt)b % (of st.)c % (+WGS)cd 
methane CH4 4 50.3 85.6 95 
methanol CH4O 3 18.9 87.1 96.8 
ethanol C2H6O 3 26.3 85.9 96.2 
acetone C3H6O 2.67 27.8 85.2 96.2 
dimethylfuran C6H8O 2.5 31.5 84.5 96.2 
anisole, cresol C7H8O 2.43 31.7 84.3 96.2 
methylfuran C5H6O 2.4 29.5 84.5 96.3 
ADPe C11H14O3 2.36 27 84.7 96.4 
phenol C6H6O 2.33 30 84.3 96.3 
guaiacol C7H8O2 2.29 26 84.6 96.5 
furan C4H4O 2.25 23.5 84.5 96.5 
syringol C8H10O3 2.25 23.5 84.8 96.6 
lignin C7H9O3 2.21 22.1 84.9 96.7 
furfuryl alcohol C5H6O2 2.2 22.6 84.9 96.7 
catechol C6H6O2 2.17 23.8 84.6 96.7 
poplar oile C6H7.98O3.18 2.14 19.7 85.2 96.9 
aspen C6H8.79O3.62 2.13 18.5 85.4 97 
poplar C6H8.82O4.02 2.07 17.2 85.5 97.1 
oakwood oile C6H9.14O4.53 2.01 15.8 85.6 97.3 
furfural C5H4O2 2 21 84.6 96.9 
5-HMFe C6H6O3 2 19.2 84.9 97 
xylan C5H8O4 2 15.3 85.8 97.3 
cellulose [C6H10O5]n 2 14.9 85.8 97.3 
glucose C6H12O6 2 13.4 86.3 97.5 
HAc, HAAe C2H4O2 2 13.4 86.3 97.5 
formic acid CH2O2 1 4.4 87.7 98.9 
a Moles of H2 produced per mole of carbon in the reactant being reformed.
b Amount of H2 formed 
divided by the sample molecular weight.c The equilibrium moles of H2 predicted at 750C and S/C = 5 
divided by the stoichiometric yield.d With additional moles of CO present under 750. C and S/C = 5 to be 
shifted in a downstream water-gas shift (WGS) reactor.e ADP: 4-allyl-2,6-dimethoxyphenol. 5-HMF: 5-
(hydroxymethyl)furfural. HAc: acetic acid. HAA: hydroxyacetaldehyde. Water-free bio-oils (from poplar 
and oakwood) are used.  
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C. Appendix B. 
 
 
 
Figure C.1 Picture of bubble injection system test (left), 
picture of bubble injection test setup (right) 
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D. Appendix C. 
 
 
Figure D.1 Reactor setup showing thermocouple placement from the bottom of the reactor to the 
bottom of the bed support. 
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E. Appendix D. 
 
 
Figure E.1 Example of thermocouple tests using inert bed material, lines were added as visual 
aids 
 
  
300
350
400
450
500
550
600
300 350 400 450 500 550
Th
er
m
o
co
u
pl
e 
re
ad
in
g 
(°C
)
f-Furnace temp (°C)
1
2
3
1
2f
3
81 
 
 
F. Appendix E. 
 
 
Figure E.1 Propane steam reforming T=500C, S/C=3, SV=0.47 hr-1 
 
Figure E.2 Bio-oil steam reforming profile T=500°C 
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G. Appendix F. 
 
Table G.1 Reproducibility study 
Rxn 13 31 32 
Fraction B2 B2 B2 
T (°C) 500 500 500 
W (g) 4.72 4.72 4.72 
S/C from whole 8.00 8.00 8.00 
actual S/C 8.85 8.85 8.85 
ν0 (mL/hr) 4.00 4.00 4.00 
watertot (aqueous) 0.865 0.862 0.873 
N2 in (mL/min) 60.0 60.0 60.0 
H2 (mL/min) 11.6 10.4 11.2 
CO2/CO (mol/mol) 19 27 20 
H2 yield (wt/wt) 11.59 10.14 11.99 
C conversion 80.7 70.6 77.1 
 
Table G.2 Statistics of reproducibility study 
STDEV 
H2 yield (wt/wt) 0.97 
C conversion 5.07 
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H. Appendix G. 
 
Table H.1 Non-catalytic runs comparison 
Rxn blank blank blank 13 15 27 
Fraction B2 B2 B2 B2 B2 B2 
T (°C) 500 600 700 500 600 700 
W (g) - - - 4.72 4.72 4.72 
S/C (from full bio-oil) 8.00 8.00 8.00 8.00 8.00 8.01 
actual S/C 8.85 8.85 8.85 8.85 8.85 8.85 
ν0 (mL/hr) 4.00 4.00 4.00 4.00 4.00 4.00 
watertot (aqueous) 0.8745 0.8745 0.8900 0.8646 0.8541 0.8830 
N2 in (mL/min) 60.0 60.0 60.0 60.0 60.0 60.0 
N2 effluent (vol%) 96.6 93.85 96.75 73.3 71.91 73.37 
H2 effluent 0.18 0.81 1.62 14.2 15.08 14.01 
CO2 effluent 1.54 0.86 0.77 7.326 7.607 6.79 
CO effluent 0.33 1.9 3.62 0.38 0.57 0.77 
CH4 effluent 0.06 0.54 1.21 0.19 0 0 
C2H4 effluent 0.02 0.18 0.38 n/a n/a n/a 
H2 (mL/min) 0.1 0.5 1.0 11.6 12.6 11.5 
CO2/CO (mol/mol) 5 0 0 19 13 9 
H2 yield (based on org) 0.12 0.56 1.23 11.59 11.64 13.22 
C conversion 15.3 29.2 49.2 80.7 85.1 77.1 
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I.  Appendix H. 
 
Table I.1 Table of retention times of the calibrated compounds for GCMS method used 
Compound RT (min) 
Acetone 1.266 
Acetic acid 1.65 
2-methyl furan 1.75 
acetol 2.23 
2,4-pentane dione 4.305 
furfural 5.743 
furfuryl alcohol 6.642 
3-furan methanol 7.109 
5-methyl furfural 9.987 
2-hydroxy-3-methyl-2-cyclopenten-1-one 12.097 
levoglucosenone 14.348 
5-(hydroxymethyl)-2-furancarboxaldehyde  18.225 
Levoglucosan 25.255 
 
Figure H.1 Example of chromatograms from generated from GCMS analysis of aqueous bio-oil 
samples. 
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J. Appendix I. 
 
Figure I.1 Structures of aqueous bio-oil compounds as detected and quantified 
Compound M.W. Structure 
Acetic Acid 60.05 
 
Acetol 74.08 
 
Furfural 96.08 
 
5-methylfurfural 110.11 
 
Levoglucosan 162.14 
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K. Appendix J. 
 
 
Figure K.1 Unreduced fresh catalyst crushed and sieved 250-500 µm (left), coked catalyst with 
visible carbon pellet (right) 
 
 
Figure K.2 Closer view of carbon pellet typically found on top of catalyst bed after reforming of 
bio-oil 
 
 
  
  
Figure L.1 Freshly prepared bio
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L. Appendix K. 
 
-oil solution (left), sample stored for more than 90 days (right) 
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M. Appendix L. 
 
Table M.1 Hydrogen chemisorption analysis for fresh 
and deactivated catalyst 
  Fresh Used* 
Dispersion at 11% loading (wt%) 4.19 1.28 
Metallic surface area (m2/g) 3.07 0.94 
*oxydized 
  
 
Table M.2 XRF analysis of fresh and deactivated catalyst 
  
S net kcps 
SO3 
S wt %   Concentration, % 
Fresh cat. 0.122 0.008 0.003 
Used cat. 1.101 0.070 0.028 
 
 
Figure M.1 XRF overlaid spectra; fresh catalyst (red), used catalyst (blue)  
 
Sulfur peak as SO3 
Potassium 
Clorine 
